‘ | 

| 

it 

| 

g | 

| 

| 

\ 

\ | 


Volume 
Bine’’ 


T 


, 1937 


cap:—es. $1 


75 


with 


at 0, 0.1,.0.2 


te, 


‘ 


e 


* 


Pipette, 
18 

ld Pipet 
calibrated 


“Evans 
Chemical Investigation 16, 301 


tip, 


4 
of 
eeos 


> 


gee 


i. 


— 


A NEW MODE OF ENZYMATIC PHOSPHATE TRANSFER* 
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(Received for publication, August 4, 1947) 


Organic phosphate compounds are involved in so many biological proc- 
esses that any enzymatic reactions which promote phosphate transfer are 
of direct interest. It is generally regarded, as pointed out by Green and 
Colowick (1) in their review of the chemistry and metabolism of the com- 
pounds of phosphorus, that when phosphate transfer takes place inter- 
molecularly the participation of adenine nucleotides is essential. The 
present paper describes an intermolecular phosphate transfer in which 
adenine nucleotides are apparently not required. 


EXPERIMENTAL 


Phosphatases acting upon susceptible monophosphate esters have been 
regarded as setting free equivalent amounts of orthophosphate and hydroxy 
compound. However, it has now been found that, when some phosphatase 
preparations of widely differing origins act on nitrophenyl phosphate in the 
presence of certain alcohols, the expected equivalence is not observed, but 
the orthophosphate is in deficit. ‘This results from the phosphorylation of 
the added alcohol concurrent with the breakdown of the nitropheny! phos- 
phate. Phenolphthalein phosphate or pheny! phosphate can qualitatively 
replace nitropheny! phosphate in this reaction. ‘Thus in the case of the 
phosphatase preparations in question, in addition to the simple hydrolysis 
of a number of ‘“‘low energy phosphates,”’ a reaction also occurs that may be 
accurately described as transphosphorylation. Arguments for and against 
the existence of a transphosphorylating enzyme as separate from the phos- 
phatase will be reviewed later, but the evidence is so far inconclusive. 

Method—The substrates were prepared and the analyses performed, 
unless otherwise noted, as described in a previous paper on citrus phos- 
phatase (2). 

Phosphate Acceptors—In Table I may be found some roughly comparable 
values of the efficacies of a variety of hydroxy compounds found suitable 
as phosphate acceptors. The following compounds gave negative results: 
t-butyl alcohol, ethanolamine, lactic acid, malic acid, citric acid, serine, 
pantothenic acid, ethyl acetoacetate, inositol, ribose, glucose, sucrose, 
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2 ENZYMATIC PHOSPHATE TRANSFER 


a-methylglucoside, ascorbic acid, and chloral. The efficiency of phosphate 
transfer is expressed in the last column of Table I and elsewhere in the paper 
in molar percentage and is defined in practical terms as 
(Molar concentration nitrophenol liberated) — (molar concentration phosphate 
liberated) 
Molar concentration nitro; shenol liberated 


TABLE I 
Enzymatic Transfer of Phosphate from p-Nitrophenyl Phosphate to Various Acceptors 


Equal units of enzyme were used in the experiments with the unsubstituted mono- 
hydroxy compounds; the enzyme concentration was varied in the other experiments. 


Concentration of sitropheay!| peaction | liberated, | as molar. 

reaction mixture | phosphate 

mixture | hydrolyzed* 

me. | min. | + | 

n-Propyl alcohol 71 microliters 0.60 | 49.5 {| 128 60) 
i-Propyl 71 0.60 | 40.5 
n-Butyl 71 0.60 | 49.5 59 
i-Buty! ‘6 71 ue 0.60 | 495 | 98 | 49 
Nitroethanol | 0.52 | 66.5 171 34 
Ethylene chlorohydrin | 100 “3 0.42 34 57 70 
Propylene glyco! 0.60 15 124 70 
Ethyl lactate a, 2 0.52 | 66.5 93 16 
Glycerol] | 71 omg. | 0.60 | | 95 2s 
Erythritol Bee | 0.60 | 48 O4 17 
Mannitol | Rey | 0.60 | 48 SO 20 


Reaction conditions, temperature 37.5°, pH 5.0, usually 0.024 acetate buffer; 

acceptors adjusted to pH 5.0 where necessary. Navel orange juice phosphatase 

similar to Preparation D (2) was used in all cases, except the propylene glycol 

experiment in which a similar preparation from Valencia orange juice was employed. 
* Phosphate transfers of 6 per cent or less are regarded as zero. 


If any general conclusions may be drawn from these experiments, they are 
as follows: primary alcohols are superior to secondary alcohols, and tertiary 
alcohols are unsuitable. ‘The presence in the alcohol of an amino or car- 
boxyl group, or both, destroys its ability to act as an acceptor. Polyhy- 
droxy alcohols are suitable if spatial conditions are right, if we judge by the 
success With the straight chain compounds and the failure with inositol. 
Carbohydrates are unsuited. 

An attempt to produce codecarboxylase from pyridoxal by transphos- 
phorylation under conditions similar to those used for propyl alcohol, as 
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B. AXELROD 3 


shown in ‘Table I, was not successtul. Codecarboxylase was tested for by 
the tyrosine decarboxylase method of Umbreit, Bellamy, and Gunsalus (3). 
A resting preparation of Streptococcus faecalis R grown on a vitamin Be- 
deficient medium served as the apoenzyme. Either phosphorylation did 
not occur or # occurred in the wrong position in the pyridoxal molecule. 

A similar attempt was made to phosphorylate thiamine. Although it 
was hardly to be expected that the pyrophosphate would be formed by the 
phosphate transfer reaction, the resulting digest was tested for cocarbox- 
ylase activity. It did not promote pyruvic acid decarboxylation by 
alkaline-washed yeast; nor did it affect the rate of carbon dioxide production 
when thiamine pyrophosphate was present. ‘T’o investigate the possibility 
that the monophosphate was formed, a portion of the digest was treated 
with sufficient alkaline ferricyanide to convert the thiamine and thiamine 
phosphate, if present, to the corresponding thiochrome derivatives. Re- 
peated extraction was carried out with butyl alcohol to separate the thio- 
chrome from the thiochrome monophosphate. Fluorophotometric ex- 
amination of the residual aqueous solutions showed that only insignificant 
amounts of the thiamine monophosphate could have been present. 

Effect of pH on Transfer Reaction—f igs. 1 and 2 show the effect of pH 
variation with p-nitrophenyv! phosphate as a donor and with n-propanol 
and methanol, respectively, as acceptors. ‘The ratio of moles of phosphate 
transferred (to the aleohol) to moles of nitrophenol formed (from nitro- 
phenyl phosphate) is obviously a measure of the extent of transphosphoryla- 
tion as related to total decomposition of the nitrophenyl phosphate. This 
ratio increased continuously with decreasing pH, but the absolute quantity 
of phosphate transferred passed through a pH optimum. ‘This optimum 
pH seemed to be close to that for the liberation of nitrophenol, but differed 
from the optimum observed for the liberation of inorganic phosphate. 

Fig. 3 shows the hvdrolvsis of monomethyv! phosphate by the same 
enzvme preparation used in the two foregoing experiments (Figs. 1 and 2). 
In this case also the quantity of phosphate liberated was reduced by the 
presence of methanol, but the optimum pH of the reaction was not changed.! 

Effect of Acceptor Concentration—Increasing the concentration of meth- 
anol resulted in an increase in both the transfer ratio and the absolute 
amount of phosphate fixed up to the point where the alcohol began to 
depress the cleavage of the nitrophenyl phosphate (Tig. 4). 

Acceleration of Substrate Cleavage Due to Acceptor—Concurrent with the 


' The accumulation of methyl phosphate is a logical consequence because nitro- 
phenyl phosphate in the usual assay concentration is digested at 6.9 times the rate of 
methyl phosphate at an equivalent concentration. It should be noted that this con- 
centration of methyl phosphate is considerably below the level necessary for the 
maximum velocity of hydrolysis by phosphatase. 
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Fic. 1. ‘‘Phosphotransferase’’ action with propanol, as a function of pH. Reac- 
tion mixture, 1 ml. of buffer, 5 ml. of water, 5 mg. of disodium nitropheny! phosphate, 
0.5 ml. of n-propanol, and 2 ml. of enzyme (dilution of navel orange juice phosphatase 
Preparation D). Digestion, 74 minutes at 37.5°; acetate-veronal-HC! buffer pre- 
pared according to Michaelis (4), except that the sodium chloride solution was 
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Fic. 2. ‘‘Phosphotransferase”’ action with methanol, as a function of pH. Reac- 
tion mixture 1 ml. of buffer, 5 ml. of water, 5 mg. of disodium nitrophenyl phosphate, 
1 ml. of methanol, and 1 ml. of the same dilution of enzyme as was used in the experi- 
ment shown in Fig. 1. The same buffer system and digestion conditions were also 
employed. 
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phosphate transfer occurring when the acceptor was added to the reaction 
mixture, there was an acceleration of the cleavage of the donor. ‘This effect 
is seen in Fig. 4, which shows a maximum of 47 per cent increase in hydroly- 
sis caused by the presence of the accepting alcohol. When phenolphthalein 
phosphate or phenyl phosphate was used as the donor, this acceleration 
was also noted. ‘The results with phenolphthalein phosphate and ethanol 
are shown in Table II by way of further illustration. Evidence for the 
accelerating effect of the alcohol was obtained in virtually all of the experi- 
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tic. 3. pH hydrolysis curve of methy! phosphate by the citrus enzyme in the ab- 
sevice aud presence of methanol. The activity was measured by determining liber- 


a\ | phosphate. (The relative activity of 100 per cent corresponds to liberation of 
42.5 y of P per tube.) Reaction mixture, 2.5 ml. of 0.0056 m monomethy! phosphate 
solution, 0.5 ml. of buffer, 0.5 ml. of methanol or water, and 1 ml. of enzyme. The 
same enzyme and buffer system used in the experiment shown in Fig. 1 were employed 
here. Digestion, 90 minutes at 37.5°. 


ments in which much transfer occurred, although in some cases of little 
transfer (for instance with added glycerol) acceleration was not noted. Itis 
obvious that any inhibitory action of the acceptor on the enzymatic cleavage 
of the donor could mask the stimulatory effect of the transfer reaction. 

Effect of Donor Concentration—T able III shows the variation of phosphate 
transfer with different concentrations of p-nitropheny! phosphate. Ap- 
parently as long as an appreciable concentration of substrate remained the 
transfer ratio was relatively constant. 
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6 ENZYMATIC PHOSPHATE TRANSFER 


Proof of Occurrence of Transfer Reaction—Although the finding that less 
free phosphate than free nitrophenol was formed in the reaction is good 
evidence of a transfer of phosphate, it was considered necessary to isolate 
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Fic. 4. Effect of acceptor concentration on ‘‘phosphotransferase’”’ activity. Sub- 
strate, 5 ml. of m/30 acetate, pH 5.15, containing 4.17 mg. of disodium p-nitropheny] 
phosphate, 2 ml. of enzyme (dilution of navel orange juice phosphatase Preparation 
D), methanol, and sufficient water to make a final volume of 9 ml. Digestion, 60 
minutes at 37.5°. 


TaBLe II 
Effect of Ethanol on Cleavage of Phenolphthalein Phosphate by Citrus Juice Enzyme 
Percentage ethanol in reaction mixture Relative rate of phenolphthalein liberation 
0 100 
8.50 92 
4.25 181 
2.13 165 
0.83 155 


Reaction conditions, temperature 37.5°, digestion time, 50 minutes, assay essen- 
tially as described by Huggins and Talalay (5) for acid phosphatase (pH 5.4, 0.00! mM 
phenulphthalein phosphate). Each reaction tube contained 5 ml. of substrate, 
0.5 ml. of enzyme (Valencia orange juice phosphatase purified by absorption and 
elution from diatomaceous earth), ethanol, and sufficient water to make a final 
volume of 6 ml. In this experiment the enzyme was incubated with the water and 
ethanol for 1 hour before assaying. Thus the results may include inactivation 
effects. In all other experiments where an acceptor was used it was introduced 
prior to the addition of the enzyme. 


and identify the acceptor phosphate compound. ‘This was done for mono- 
methyl phosphate by the following procedure. 
1 gm. of disodium p-nitrophenyl phosphate was dissolved in 25 ml. of 
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water and the pH adjusted to 5.0 with acetic acid. To this were added 
22.2 ml. of methanol, 220 P. N. P. units of navel orange juice phosphatase 
(Preparation D of an earlier paper (2)), 5 ml. of M acetate buffer, pH 5.0, 
and water to make 100 ml. After 16 hours incubation at 37.5°, 1390 
additional units of enzyme in lyophilized form were added and the incuba- 
tion continued for 3 hours. At this time 401 mg. of free nitrophenol were 
present together with 30.6 mg. of inorganic P or 34 per cent of the phosphate 
equivalent to the nitrophenol. The nitrophenol, together with the residual 
nitrophenyl phosphate, was removed by six extractions with 150 ml. por- 
tions of ether after making the digestion mixture molar with respect to 
hydrochloric acid. Next, the solution was made pH 8.8 with sodium 
hydroxide and treated with a calculated excess of barium chloride solution. 
The precipitate, which contained the inorganic phosphate, was removed by 
centrifugation and discarded. Ethanol was added to 80 per cent concen- 


III 
‘‘Phosphotransferase’’ Action As Function of Nitrophenyl Phosphate Concentration 
p-Nitrophenyl | Nitrophenol formed in reaction 
phosphate initially Molar percentage | mixture Extent of digestion 
present in reaction phosphate transfer of substrate 
mizture Potential | Found 
me. per cent Mme. | me. per cent 
50.0 48 40 
30.0 49.9 57 
10.0 49.5 ogee 6.06 77 
5.0 42.4 | 2.32 1.93 83 
2.5 10.6 103 


Reaction mixture, 2 ml. of navel orange juice citrus phosphatase (dilution of 
Preparation 1D), 0.5 mil. of m-propanol, M acetate pH 5.0, the indicated amount of 
disodium nitvopheny! phosphate - 2H,O and water to make 8 ml. Incubation for 
117 minutes at 37.5°. 


tration and the precipitate of crude barium methyl phosphate was separated 
by low speed centrifugation. Peetinaceous material which had accom- 
panied the enzyme settled out quite slowly compared to the barium salt 
and thus could be removed readilv by decantation. The salt was reerystal- 
lized several times from water and obtained as thin white crystalline plates 
which were optically identical with synthetic Ba(CH;)PO,- HO, prepared 
by MeViear’s method (6). 

Reversal of Enzymatic Hydrolysis of Nitrophenyl Phosphate—The reversal 
of phosphatase hydrolysis, originally reported by Martland and Robison 
(7), whereby inorganic phosphate is directly esterified to an alcohol, is a well 
known phenomenon and has been found by many workers to occur with a 
variety of alkaline phosphatases. Roche (8) has observed a similar be- 
havior in the case of red blood cell phosphatase at pH 6.3. Courtois (9) 
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8 ENZYMATIC PHOSPHATE TRANSFER 


was unable to find appreciable evidence of synthetic action with several 
plant phosphatases, except upon employing extremely long incubation 
periods. Nevertheless, in the case of citrus phosphatase it was necessary 
to establish that the ‘‘Sphosphotransferase” activity was not actually due 
to the esterification of the alcohol by the liberated inorganic phosphate. 
A mixture of 10 ml. of m/30 acetate bulfer (pH 5.0), 0.1 ml. of inorganic 
phosphate (0.0139 mm), 1.0 ml. of methanol, 60 P. N. P. units of Prepara- 
tion D, and water to make 14 ml. was incubated at 37.5°. No decrease in 
inorganic phosphate was noted after 3 hours. <A repetition of this expe i- 
ment with the addition of nitrophenol in 2.7 K 107-* mM concentration gave 
similar results. 

““Phosphotransferase”’ Action in Presence of Added Inorganic Phosphate—If 
such direct synthetic action had been operative, one might explain the 
accelerating effect of alcohol as due to the removal of inorganic phosphate 


IV 


Effect of Inorganic Phosphate on Enzymatic Cleavage of Nitrophenyl Phosphate in 
Presence of Methanol 


— - - 


} 
Relative activity 


Inorganic phosphate | Methanol (nitrophenol liberation) 
| mi. 
0.028 | 0.5 108 
0 028 | 00 69 
00 | 0.5 | 149 
0.0 | 0.0 | 100 


The standard assay conditions for “nitropheny! phosphatase’? were employed. 


All tubes contained 0.014 mm of nitropheny! phosphate 


which is known to inhibit phosphatase. However, the addition of enough 
inorganic phosphate to equal that which would have been liberated by 
complete hydrolysis caused only a 10 per cent decrease in activity, under 
standard conditions for the assay of nitrophenyl phosphatase. 

The accelerating effect of methanol on the liberation of nitrophenol from 
nitropheny! phosphate in the presence and absence of a large excess of 
inorganic phosphate is shown in Table IV. 

“‘Phosphotransferase”’ Activity in Other Phosphatase Preparations—Vorto 
Rican Red sweet potato (/pomoea batatas) juice and some fractions obtained 
therefrom by ammonium sulfate and pH fractionations,? although excellent 
sources of nitropheny! phosphatase, were entirely devoid of ‘‘phosphotrans- 
ferase”’ activity; nor did the addition of heat-inactivated citrus phosphatase 


2 These fractions were obtained in this Laboratory in the course of the isolation of 
crystalline B-amylase (10). 


| 
| 
| 
| 
| 
| 
| 
| 
| 
| 


B. AXELROD 9 


cause its appearance. A mixture of equal units of sweet potato phosphatase 
and navel orange juice phosphatase in an alcohol nitrophenyl phosphate 
substrate behaved essentially as was anticipated on the basis of the inde- 
pendent action of each enzyme (Table V). 


TABLE V 
Composite Effect of “ Phosphotransferase’’ and ‘‘Normal Phosphatase”’ 
A B 
_Nitrophenol _ Phosphate 
| Ensyme | m-Propanol| | ‘liberated per 0.5 | liberated per 0.5 | 
mixture mixture expressed X 100 
as nitrophenol A 
C-Y-1 2, C-Y 0.5 0 97.9 67.1 31.5 
C-Y -2 0 0.5 86.8 88.9 —2 
C-l 0.5 0 104.7 53.6 49.0 
C-2 0 0.5 87.7 85.7 +2 
Y-l 0.5 0 80.0 80.9 
Y-2 0 $4.9 86.9 —2 
Phosphate or nitrophenol expressed 
as y nitrophenol per 5 ml. 
Calculated Found 
Phosphate liberated in Experiment C-Y-1 due to 26.8 
Enzyme C 
Phosphate liberated in Experiment C-Y-1 due to 4) 5 
Enzyme Y 
67.3 67.1 
Nitrophenol liberated in Experiment C-Y-1 due to 52.3 
Enzyme C 
Nitrophenol liberated in Experiment C-Y-1 due to 4).0 
Kuzyme Y 
92.3 97.9 
Molar percentage phosphate transferred in 27.0 
Experiment C-Y-1 31.5 


The conditions are the sume as in the standard nitrophenyl phosphatase assay, 
except that final volume = 7.5 ml!. Reaction time, 72.5 minutes; Enzyme C, dilu- 
tion of navel orange juice phosphatase Preparation D; Enzyme Y, dilution of sweet 
potato phosphatase of equal ‘normal phusphatase’’ activity; Enzyme C-Y, equal 
parts of and Y. 


Urines of six adults were all capable of effecting the intermolecular trans- 
fer of phosphate. Although the normal phosphatase activity of each of 
the male urines was much higher than that of the female urines, approxi- 
mately equal transfer ratios were found for both sexes (Table V1). 
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10 ENZYMATIC PHOSPHATE TRANSFER 


Alkaline phosphatase, prepared from dog kidney by ethy] acetate-toluene 
autolysis according to the procedure of Albers and Albers (11), caused no 
phosphate transfer at pH 9.19 in veronal buffer, regardless of whether 
Mg++ was present or not. Indeed the acceptor, propanol, which was 
present in a concentration of 7.1 per cent, actually caused a 14 per cent 
depression in the rate of nitrophenyl phosphate hydrolysis. 

Taka-diastase, tested under standard assay conditions in the presence 
of 7.1 per cent m-propanol, gave a transfer ratio of 50 per cent. 

Ground tissue preparations were made from onion (Yellow Globe), pear 
(Bartlett), and apple (Delicious), and similarly tested. Apple caused about 
a 25 per cent transfer, but onion and pear showed none, although they all 
possessed normal phosphatase activity. 


TaBLe VI 
‘*Phosphotransferase’”’ Activity of Human Urine 

Sex “Normal” nitropheny! phosphatase perml. Molar percentage transfer of phosphate 

| P.N. P. units per cent 
? | 1.7 28 
9 | 4.6 34 
| 3.0 41 
ef | 11.8 36 
| 7.0 36.5 
| 16.6 40 


‘‘Normal’’ phosphatase activity was determined by the standard assay method. 
The transfer was determined at 37.5°. 1 ml. of dialyzed urine was added to a mixture 
of 5 ml. of m/15 acetate buffer, pH 5.0, containing 4.17 mg. of disodium p-nitrophenyl 


phosphate plus | ml. of n-propanol. 


Non-Participation of Nucleotides—The reasons for dismissing the possi- 
bility that nucleotide substances are involved in this reaction are as follows: 
The citrus phosphatase Preparation D was tound practically free of P in 
the concentrations used. Spectrographic examination in the ultraviolet 
region showed no absorption characteristic of nucleotides. If the quantity 
of nucleotide present was so small as to be beyond the limits of measure- 
ment, it would have to be used over and over again and would require re- 
generation by an accompanying oxidation of some substrate not hitherto 
recognized as suitable for such purposes. However, the transfer reaction 
was found to occur anaerobically quite as well as in the presence of air. In 
the latter case, when the transter was carried out by employing the Warburg 
technique, no gas exchange was detected. Finally the ability of Prepara- 
tion D to hydrolyze adenine nucleotide (2) makes it unlhkely that this 
compound could be long maintained in its presence. 
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DISCUSSION 


There can be no doubt that the intermolecular transfer of phosphate can 
occur without the participation of nucleotide substances but of course it 
remains to be proved that such a reaction has any biological significance. 

Phosphatases are classified on the basis of specificity and pH optimum. 
The criterion of ‘“‘phosphotransferase”’ activity is suggested as a further 
means of classification. For instance, sweet potato phosphatase and citrus 
phosphatase, which would probably be regarded as quite similar by ordinary 
criteria, are distinctly different on the “phosphotransferase’”’ basis. 

If the transphosphorylation function described here is not taken into 
account, some anomalous results can be observed in the study of phos- 
phatase preparations. If nitrophenol phosphatase activity were measured 
by determination of liberated chromogen, alcohol would appear to acceler- 
ate it, whereas, if the liberation of phosphate were taken as an index, the 
opposite conclusion would be indicated. Further, alcohol would have little 
influence upon the pH optimum in the former instance, but in the latter 
the pH optimum would appear to shift toward the alkaline region. 

Any attempt to explain completely the mechanism of transphosphoryla- 
tion requires knowledge of whether the enzyme is identical with phospha- 
tase. Certainly phosphatases exist which cannot perform phosphate trans- 
fer, but transfer activity has not yet been found in the absence of normal 
hydrolytic activity. Partial heat inactivation and fractional fluoride in- 
hibition of citrus juice phosphatase preparations tend to support the theory 
of a single enzyme. ‘The addition of more phosphatase activity (as sweet 
potato phosphatase, which does not perform this phosphate transfer) to a 
preparation high in transfer ability led to results (Table V) which are 
compatible with the view that a single enzyme is responsible. 

Although the question of whether one or more enzymes is involved cannot 
be considered settled, it seems more likely that the transfer reaction is a 
property of the moiety that catalyzes the normal hydrolytic reaction. The 
transfer reaction might then occur in one of two ways; the enzyme-donor 
complex reacts directly with the alcohol, or the phosphate radical is released 
in a highly active state and then combines with the alcohol. If the latter 
conjecture is correct, then it is curious that all acid phosphatases do not 
act as transfer catalysts. ‘The former hypothesis thus appears more reason- 
able, and hence the difference between a phosphatase that transfers phos- 
phate and one that does not is probably due to a difference in their specifici- 
ties toward the solvolytic reagent. 

Attention is called to the observation of Rabaté (12) that the 8-glu- 
cosidase of Salix purpurea, which cleaves glucose from $-hydroxvaceto- 
phenone glucoside under ordinary conditions, forms 6-methyl glucoside 
when methanol is present during the cleavage. It may be that similar 
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‘transferase’? phenomena will be found to be of general occurrence with 
other types of hydrolases. 


SUMMARY 


1. The intermolecular transfer of phosphate can be performed enzymatic- 
ally without the participation of nucleotidic compounds. 

2. Enzymes capable of this action have been found in citrus fruit, apple, 
human urine, and taka-diastase, but not in onion, sweet potato, pear, or 
dog kidney alkaline phosphatase preparation. 

3. “‘Phosphotransferase”’ has not been obtained free of acid phosphatase 
and may be an integral property of some acid phosphatases, but certainly 
not of all. 

4. The transfer occurs between aryl phosphates and aliphatic hydroxy 
compounds. ‘The phosphates of phenol, phenolphthalein, and nitrophenol 
are excellent donors. 

5. As acceptors, primary alcohols are better than secondary alcohols. 
The simplest tertiary alcohol tested was not suitable. The presence of an 
acidic or basic group in the alcohol apparently renders it unsatisfactory as 
an acceptor. Lactic acid does not accept but its ethyl] ester does. Nitra- 
tion or chlorination of an alcohol does not abolish its ability to accept, nor 
does the presence of an olefinic linkage. Polyhydroxy alcohols including 
mannitol serve as acceptors but sugars and inositol do not. Pyridoxal is 
not converted to codecarboxylase by this method. 

6. “‘Phosphotransferase” action cannot be accounted for by reversal of 
the phosphate hydrolysis reaction. 

7. The effects of pH and the concentration of acceptor and donor on the 
“phosphotransferase”’ reaction in the case of nitrophenyl phosphate have 
been studied, and it was found that the ratio of phosphate transferred to 
substrate cleaved increases continuously with decreasing pH, while the 
absolute amount of phosphate transferred passes through an optimum close 
to that for nitrophenol liberation, but removed from the optimum for phos- 
phate liberation. Increasing the acceptor concentration increases the ratio 
of phosphate transferred. The absolute amount transferred also increases 
until the acceptor concentration is great enough to cause inhibition. On 
the other hand, the ratio is independent of donor concentration. 

8. The transphosphorylation between methanol and nitropheny! phos- 
phate by a citrus Juice phosphatase preparation results in the formation of 
monomethy! phosphate, which has been isolated and identified as the 


barium salt. 


The author wishes to express his thanks to Dr. A. K. Balls of this Lab- 
oratory for his valuable advice and guidance, and to the following members 


| 
| 
| 
| 
| 
| 
| 
| 
| | 
| | 
| 
| | 
| 
| 
| 
| 


)- 


B. AXELROD 13 


of the Western Regional Research Laboratory: Dr. F. T. Jones for the 
crystallographic identification of the barium methy! phosphate, Mr. G. F. 
Bailey for the spectrophotometric demonstration of the absence of nucleo- 
tides in the citrus phosphatase preparation, and Mrs. M. I. Atkins for the 
fluorophotometric determinations. It is also a pleasure to acknow ledge the 
kindness of Mr. George Goer] and the Acme Breweries of San Francisco in 
supplying the fresh bottom yeast used in the carboxylase determinations. 
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A UNIFORM MEDIUM FOR DETERMINATION OF AMINO 
ACIDS WITH VARIOUS MICROORGANISMS* 


By L. M. HENDERSON ano ESMOND E. SNELL 


(From the Department of Biochemistry, College of Agriculture, University 
of Wisconsin, Madison) 


(Received for publication, August 21, 1947) 


The use of lactic acid bacteria for the determination of amino acids which 
they require is now widespread. ‘The basic techniques used and the various 
individual methods proposed are very similar, and have been reviewed else- 
where (1-3). These similarities have led some investigators (4, 5) to pro- 
pose assays of a large number of amino acids under more or less uniform 
conditions with a single organism. Media used with such general methods 
have not been optimal for other organisms also useful for assay work. Thus 
far, however, no single organism has proved suitable for the determination 
of more than about eight of the amino acids. Lack of an absolute require- 
ment (6, 7), variation in relative activity of optical isomers (8), the now 
known interrelationships between certain vitamins and some amino acids 
(9-12), and disturbances resulting from unknown causes combine to make 
use of a variety of organisms advisable or even necessary when analyses for 
several different amino acids are required. Use of more than one test 
organism for the determination of a single amino acid is also valuable as 
added evidence for or against validity of an assay (1, 2). 

An obvious advance in methodology, therefore, would be the development 
of a single medium which could be made deficient as desired in any single 
amino acid, and which could be used successfully with any one of a variety 
of test organisms. This has been the object of the present study. The 
medium herein proposed has been extensively investigated with respect to 
its suitability for Lactobacillus arabinosus 17-5, Streptococcus faecalis R, and 
Leuconostoc mesenteroides P-60. For these and four additional species of 
lactic acid bacteria, it supports acid production equal to or greater than 
had been previously reported with specialized media for each organism. 
The single medium with the appropriate amino acid omitted has been 
employed successfully to determine fourteen different amino acids. 


EXPERIMENTAL 


Cultures and Inocula—Organisms used were Lactobacillus arabinosus 17-5, 
Streptococcus faecalis RK, Leuconostoc mesenteroides P-60, Lactobacillus casei, 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by a grant from the Nutrition Foundation, 
Inc., New York, to Professor C. A. Elvehjem. 
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Lactobacillus delbrueckii 5,' Lactobacillus delbrueckii 3, and Lactobacillus 
fermenti 36. ‘These were carried by biweekly transfer as stab cultures in 
an enriched basal medium. ‘This was prepared by reducing the concentra- 
tions of glucose and solium citrate shown in the basal medium (Table I) 
by one-half and adding 0.5 per cent Bacto-tryptone, 0.5 per cent Bacto- 
yeast extract, and 2 per cent Bacto-agar. All cultures were incubated at 
37° until good growth occurred in the stab culture (24 to 48 hours) and were 
then refrigerated until the next transfer. 

For growing inocula, this same medium with agar omitted was employed. 
This liquid medium was put in tubes in 5 ml. lots, sterilized by autoclaving 
for 20 minutes at 15 pounds pressure, and kept in the refrigerator. Inocula 
were prepared by transfer from the stock culture and grown for 8 to 12? 
hours at 37°. ‘The cells were centrifuged and resuspended in a volume of 
sterile 0.9 per cent sodium chloride solution 5 to 25 times greater than that 
of the medium in which they were grown. 1 drop of suspension was used 
for each assay tube. Lyophylized cultures, prepared as described by 
Nymon, Gunsalus, and Gortner (15), were also employed successfully in 
the later phases of the work. Instead of being used directly as inocula, 
the resuspended dried cells were transferred to the inoculum medium, in- 
cubated for 8 to 12 hours, and used as described above. 

Procedure—Assays were carried out in 18 &K 150mm. Pyrex culture tubes, 
and in a total volume of 2 ml. The samples or standards were added in 
volumes from 0.2 to 1 ml., water being added to make 1 ml.; 1 ml. of the 
basal medium, prepared at twice the concentration shown in Table I, was 
then added. Additions of both water and samples were made with the 
rapid automatic dispenser of Cannon.’ Sterilization was accomplished by 
autoclaving the tubes for 10 minutes at 10 to 12 pounds pressure. <A metal 
cover approximately 3 inches deep and lined with a heavy padding of cotton 
was placed over each rack of 60 tubes. This cover was removed for approx- 
imately 1 minute in a small room previously freed from dust with steam, 
while 1 drop of inoculum was added to each tube from a sterile pipette. 


1 Dunn et al. (6), because of identical nutritive requirements, have concluded that 
Lactobacillus casei and L. delbrueckii 5 are the same organism. Although the nutri- 
tive requirements of our culture of L. casei correspond to those reported by Dunn, 
those of L. delbrueckii ido not. It is possible, therefore, that two different cultures 
are being used under the latter name. 

2 Inocula grown for 18 to 24 hours may be used at somewhat greater dilution with- 
out noticeably affecting the results. 

3 Sireplococcus faecalis suspensions were diluted approximately 25-fold; suspen- 
sions of Lacto' acillus arabinosus, Leuconostoc mesenteroides, and other organisms were 
diluted from 5- to 10-fold, depending upon the amount of growth. The amount of 
inoculum used is not a critical factor in determining success of the assay. 

* Cannon, M. D., in press. 
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After incubation in a forced air incubator for 60 to 72 hours at 37°, the 
lactic acid produced was titrated directly in the assay tubes with 0.04 n 


TaBLeE I 
Composition of Medium 


-—— 


Component | | Component 
Glucose | 2 gm. Ca pantothenate 100 
Sodium citrate (U.S.P.XID/ 2“ Niacin 100 

‘* acetate (anhydrous); 0.1 gm. p-Aminobenzoic acid 20 
NH,Cl 0.3 Biotin 
KsHPO, 0.5 Folie acid 
Salts Ct 2 mi. | pt-Alanine 100 mg. 
Adenine sulfatet | mg. pL-Aspartic acid 
Guanine hydrochloride | L-Glutamic acidt 100 * 
Uracil _L-Arginine-HCl 20 
Xanthinet | t-Lysine-HCI-H,O * 
Thiaminet 100 ¥ Other amino acids$ 
Riboflavin 100 | forms 10 each 
Pyridoxal | | Or pt forms 


* The quantities indicated are for 100 ml. final volume or ten 10 ml. tubes. The 
first five components are added in dry form each time that a determination is made. 

t+ For convenience, stock solutions containing various related ingredients have 
been prepared as indicated below, and mixed when making the final medium. Ade- 
nine, guanine, and uracil solutions were prepared at concentrations of 1 mg. per ml. 
with sufficient HC! to keep them in solution. The xanthine at the same concentra- 
tion was dissolved with the aid of dilute ammonia. The vitamins were combined in 
a single solution at such concentrations that 1 ml. is used to supply the quantities 
indicated in Table I. Salts C sulution is prepared by dissolving 10 gm. of MgSO,-- 
7H,O, 0.5 gm. of FeSO,-7H,O, 0.5 gm. of NaCl, aud 2 gm. of MnSO, 4H,0 and making 
to 250 ml. (13). The amino acids, exclusive of the one being determined, are pre- 
pared in a solution at such concentrations that 25 ml. contain the amounts indicated. 
Cystine and tyrosine are dissolved first in the minimum quantity of 3 nN HCl, then 
diluted with water and the other amino acids added. The mixture should be heated 
until complete solution is effected; otherwise crystallization of the ingredients 
occurs on refrigeration. All solutions are kept under toluene in the cold room and 
replaced at intervals of | month. ‘The medium is adjusted to pH 6.8 to 7.0 before use. 

t An induction period or lag was encountered in both standards and samples with 
the glutamic acid determination. It was not corrected by adding 1.6 mg. of L- 
asparagine per 2 ml. of medium, but was eliminated when the medium was adjusted 
to an initial pH of 6.0 and a concentrated inoculum used (cf. Hae et al. (14)). A 
similar lag in the proline curve was corrected in the same manner. 

§ Histidine, isoleucine, leucine, methionine, phenylalanine, proline, threonine, 
tyrosine, valine, tryptophan, cystine, serine, and glycine. 


NaOH. The end-point was determined electrometrically by an adaptation 
of the technique employed by Pennington et al. (16). During titration, 
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the contents of each tube were stirred vigorously with an air stream. The 
details of this procedure, as applied to volumes of 0.2 ml., are described in 
the accompanying paper (17). The same technique with correspondingly 
larger equipment was used in the present studies. “Chymol blue and other 
indicators tried gave unsatisfactory end-points in the presence of the 
multiple buffers in the medium (Table I), even though the end-point 
selected corresponded to the inflection point in the titration curve of the 
buffer mixture. ‘The curve, together with that obtained by electrometric 
titration of the same buffer mixture, is shown in Fig. 1. 


+7 
= Titration of 10 ml. N/10 
HCl in buffer of 

2% Na citrate . 
Na acetate 6 
0.5% EoHPOy, 
et 
Ss 
+1 
6 pH by glass a3 
electrode A 
Galvanometer reading from 4-3 5 
quinhydrone - calomel system 

3 i ~7 


ml. N/10 NaOH 


Kic. 1. Curves relating galvanometer deflection to pH of buffered solution 


Basal Medium—The composition of the basal medium finally adopted is 
shown in Table Il. In preliminary trials, this medium supported as good or 
better growth of each of the three assay organisms as did the specialized 
media then being used in this laboratory (18, 19). These latter media, 
though essentially alike, differed in minor respects and were representative 
of improved media used for these organisms by many investigators. ‘The 
adequacy of the new medium for the various organisms was further tested 
by running assay curves for leucine in the unchanged medium, and in 
similar media in which the concentration of single ingredients or a group of 
related ingredients was varied from a fraction to several times that present 
in the initial medium. Eleven levels of L-leucine, ranging from 0 to 60 y 
per 2 ml., with all points in duplicate, were run to establish each standard 
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curve, and curves were obtained simultaneously with all three test organ- 
isms (Lactobacillus arabinosus, Streptococcus faecalis, and Leuconostoc 
mesenteroides). A superior medium was adjudged to be that variation in 
which (a) the greatest acid production resulted from addition of excess 
leucine, (b) the greatest slope of the standard curve was secured over the 
assay range, and (c) the standard curve was most nearly linear in the assay 
range. A summary of the results of these investigations is given below. 


& 
I. 1% Na Citrate 
II, 2% Na Citrate S. faecalis 
7 PIII. 3% Na Citrate volume A 
6 
IIL —— 


3) 10 20 30 4O 50 60 
ug. L-Leucine 


Fic. 2. Effect of sodium citrate concentration on the response of Streptococcus 
faecalis to leucine. 


Citrate and Acetate Buffers 


The superiority of citrate over acetate buffers in promoting growth and 
acid production of Streptococcus faecalis has been adequately demonstrated 
(20, 21). Attempts to use citrate buffer for other organisms led to the ob- 
servations (22) that 2 per cent sodium citrate was toxic, but that the 
toxicity could be overcome by increasing the concentrations of magnesium 
and manganese ions in the medium. When such increases in the metallic 
ion concentrations were made, citrate was an effective buffer for several 
other lactic acid organisms as well. For Lactobacillus arabinosus and 
Leuconostoc mesenteroides, 2 per cent of sodium citrate was superior to 1 or 
3 per cent, while for Sireptococcus faecalis (Fig. 2) 3 per cent gave greater 
acid production at high concentrations of leucine. Even with this organ- 
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ism, however, the usable portion of the standard curve was not altered by 
increasing the citrate concentration above 2 per cent. Sodium citrate 
could be replaced by potassium citrate in equivalent concentrations without 
altering these results. 

Sodium acetate was included in this medium because of its demonstrated 
growth-stimulating activity for several lactic acid bacteria (23); varying 
the concentration from 0.05 to 0.3 per cent had no eifect on acid production, 
shapes, or slopes of the standard curves when other buffers were present 
at the concentrations indicated in Table I. 


Ammonium Chloride and Sodium Chloride Concentrations 


To eliminate possible disturbing effects of ammonium salts present in 
protein hydrolysates, ammonium chloride was added to the medium. Vari- 
ations in concentration from 0 to 1.5 per cent had no effect on the response 
of Streptococcus faecalis or Leuconostoc mesenteroides to leucine. At levels 
of 0.75 per cent and higher, acid production by Lactobacillus arabinosus was 
depressed at all levels of leucine. Ammonium chloride has therefore been 
added at a lower concentration, 0.3 per cent. 

With ammonium chloride at this level, 1 per cent of added sodium chlo- 
ride was tolerated by Streptococcus faecalis. This concentration of salt 
was slightly inhibitory to the other two organisms but 0.5 per cent was 
harmless. 10 to 20 mg. of sodium chloride thus represent the maximum 
allowable amount of this salt which should be added with samples for assay. 


Phosphate Concentration 


An increase of the concentration of dipotassium phosphate up to 1 per 
cent resulted in increased acid production by Streptococcus faecalis (Fig. 3). 
Leuconostoc mesenteroides P-60 gave smaller increases, while acid production 
by Lactobacillus arabinosus was independent of phosphate concentration 
between 0.1 and 1 per cent. The assay range for leucine, however, is not 
lengthened by the addition of amounts of phosphate above 0.5 per cent. 
This concentration was therefore selected for use in the medium. 


Other Inorganic Constituents 


Previous results (22) have shown that Salts B at the level usually incor- 
porated do not provide adequate manganese or magnesium to permit opti- 
mal growth of assay organisms other than Streptococcus faecalis in a medium 
high in citrate. Salts C (13), which differ from Salts B in that they contain 
a 4-fold greater concentration of manganese sulfate, have been used. Com- 
parisons of 0.5 per cent Salts B with 0.5 to 4 per cent Salts C were made.’ 
Except for Streptococcus faecalis, where there was no difference, 0.5 per 
cent Salts C was superior to 0.5 per cent Salts B. Increasing concentra- 
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tions of Salts C were beneficial up to 2 per cent; higher levels gave no fur- 
ther improvement (Fig. 4). Salts C, at 2 per cent level, were therefore 
used in the medium. In separate experiments, addition of a mixture of 
trace elements (Cr+++, I-, Zn++, and Co**) to provide 2 
of each element per 2 ml. had no effect on the response to leucine. 


Amino Acid Concentrations 


The concentrations of amino acids chosen were considered high, repre- 
senting in most cases 10 to 20 times the requirement for each in the pres- 


II 0. S. faecalis 
KSHPO, volume © Mle 
6F 
or It 
z 
hb 
3} 
2 > 
1 


ug. LeLeucine 


Fic. 3. Effect of phosphate concentration on the response of Streptococcus faecalis 
to leucine. 


ence of an excess of the others. The total concentration of the naturally 
occurring isomers in the medium is 0.38 per cent. Eighteen amino acids 
were used; hydroxyproline, norleucine, and norvaline were not included, 
since they have not been reported to affect growth of these organisms in 
any way at low concentrations. ‘The concentration of the entire mixture 
of amino acids was first varied from one-half to twice the level indicated 
in Table I. Slightly diminished acid production by Streptococcus faecalis 
at the lower level was the only effect noted. Glutamic acid, aspartic acid, 
alanine, arginine, and lysine were varied individually over similar ranges 
of concentration without effect on the response to leucine of any organism. 
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The originally selected concentrations of amino acids were thus considered 
adequate. 


(jlucose Concentration 


Glucose concentrations of 1, 2, 3, and 4 per cent were compared. 2 per 
cent glucose supported acid production equal to that obtained with 3 and 4 
per cent tor Streptococcus faecalis and Leuconostoc mesentervides, but Lacto- 
bacillus arabinosus showed increased acid production in the upper part of 


9 
I, .5% Salts Leuc. mesenteroides P- 60 


II. .5% Salte C 
“1% Salts C volume 


IV. 2% and 3% Salta C . 


II 


ml. 0,04 N NaOH 


ug. L-Leucine 


Fic. 4. Effect of concentrations of inorganic salts on the response of Leuconostoc 
mesenteroides P-60 to leucine. 


the curve (Fig. 5) with 3 and 4 per cent glucose. While increasing glucose 
concentration trom | to 2 per cent greatly increased the usable assay range, 
no similar increase resulted from higher concentrations of sugar; 2 per cent 
was therefore selected for use in the medium. 

It should be noted that the curves obtained with 1 or with 2 per cent of 
sugar are superimposable over the lower part of the assay curve. If one 
wishes to work within this range, there is no evidence that any advantage 
(z.e., greater accuracy or higher precision) would result from the use of sugar 
concentrations above | per cent. 
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Vetamin Concentrations 
The vitamins were added at relatively high concentrations. Pyridoxal, 
the form of vitamin Bg available to each of these microorganisms, was used. 
Concentrations of the entire vitamin mixture equal to one-eighth and one- 
fourth that shown in Table I were inferior, especially for Leuconostoc mesen- 
teroides and Streptococcus faecalis. Levels from one-half to twice that 
adopted gave identical standard curves. 


12 
I. 1% Glucose L. arabinosus 
Bde Glucose volume mi. 
Glucose 
10F IV. Glucose IV 
= 6 
o 5 
3 
2 
1 


ug. L-Leucine 


hig. 5. effect of glucose concentration on the response of Lactobacillus arabinosus 
to leucine. 


Purine and Pyrimidine Bases 


Omission of the purine and pyrimidine bases from the medium resulted in 
an induction period in the leucine response curve obtained with Leuconostoc 
mesenterowes. Other organisms were unatfected. No improvement in 
response curves with any organism resulted from varying the concentra- 
tion of this supplement from one-half to twice that adopted. 


(se of Medium with Other Test Organisms 


The adequacy of the assay medium for Lactobacillus arabinosus, Strep- 
tococcus faecalis, and Leuconostoc mesenteroides having been proved, it was 
next compared with previously described media for its ability to support 
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growth and acid production of several other lactic acid bacteria. The 
results of a comparison for Lactobacillus delbrueckii 5 with the medium of 
Stokes ef al. (4) are shown in Fig. 6. The maximum acid production and 
the shape and slope of the standard curves differ markedly. 

Similar data for Lactobacillus caset grown on the medium of McMahan 
and Snell (24) are shown in Fig. 7. Here the curves were identical in the 
lower portion, but the new medium gave a greatly extended assay range 
when the titrimetric method was used, in part because of the increased 


& 


Stoke's et al., J.Biol.Chem. 160,35 (1945) 
, Our medium 


7 
L. delbruckit 5 
oP 
II 
3 
=t 


~ 


ug. L-Leucine 


Fic. 6. Comparative response of Lactobacillus delbrueckii 5 to leucine in two assay 
media. 


amounts of sugar and buffer present. L. ferment? gave acid production on 
this medium comparable to that recently reported with a specialized me- 
dium by Dunnetal. (6). L. delbrueckii 3 likewise grew well, giving approx- 
imately 99 per cent of the theoretical acid production (considered to be 1] 
ml. of 0.04 N acid per 2 ml. of medium) in the complete medium. It was 
concluded that the medium can be employed unchanged for most of the 
lactic acid bacteria hitherto used for assav of amino acids. 

Analyses of Protein Hydrolysates—F our purified proteins were analyzed 
a number of times for fourteen different amino acids, this medium and a 
number of test organisms being employed. Hydrolysis was accomplished 
by autoclaving 0.5 gm. of the protein in sealed Pyrex tubes with 20 ml. of 
3 .N hydrochloric acid for 5 hours at 15 pounds pressure. Variation of the 
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hydrolysis procedure for casein from 2 n hydrochloric acid for 5 hours to 
3 n hydrochloric acid for 10 hours did not alter the results significantly. 
For tryptophan analyses, both enzymatic and alkaline hydrolysates were 
employed. The alkaline hydrolysates were prepared by autoclaving 0.5 
gm. of protein with 10 ml. of 5 N sodium hydroxide in a sealed Pyrex tube 
for 15 hours at 15 pounds pressure. Complete racemization was assumed 
(25). Enzyme digestion (26) was accomplished by shaking 50 ml. of an 
unbuffered suspension containing 200 mg. of protein, 20 mg. of Merck’s 
pancreatin, 4 mg. of Wilson’s hog intestinal mucosa, and a little toluene for 
3 days. 


I. McMahan and Snell medium L. casei 
J.Biol.Chem. 152,83 (1944) volume 2 
7P II.Our medium 
6 
B5 
= 
ct 
2 
1 


ug. LeLeucine 


Fic. 7. Comparative response of Lactobacillus casei to leucine in two assay media 


Each determination was made with three to six tubes at each of six levels 
of the amino acid standard and with three tubes at each of five levels of 
the samples (0.2, 0.4, 0.6, 0.8, and 1 ml,). In most cases, analyses were 
conducted simultaneously for at least six amino acids. 

Such extensive assays were made primarily to test the applicability of 
the new medium to the assay of each of the several amino acids for which 
test orzanisms are available. The results, though apparently comparable 
in precision to those reported by previous workers, are not felt to represent 
the maximum precision attainable in microbiological assays with this or 
other media. 

The results of these analyses are shown in Table II and are compared 
with the range of values from the literature found by microbiological assay 
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of these same proteins. In view of the small number of analyses made in 
some cases, the range of values is given, and the data are not treated sta- 
tistically. 

The data represent the results of separate analyses of a number of differ- 
ent acid hydrolysates of each protein (e.g., eight for casein). A solution of 
amino acids, compounded to contain roughly the relative concentration of 
each amino acid required by the various test organisms, was analyzed each 
time. With very few exceptions, the amount of each amino acid found by 
assay of this mixture agreed to within +5 per cent with the amount added, 
and the agreement was usually much better than this. 


SUMMARY 


1. A uniform medium has been developed for the microbiological deter- 
mination of amino acids with a number of the most widely used lactic acid 
bacteria. High acid production, low blanks, and satisfactory standard 
curves for each of fourteen different amino acids were obtained. 

2. The concentrations of single or closely related components of the 
medium were varied over wide rang?s and approximately optimal concen- 
trations for each selected for use in the medium. 

3. Hydrolysates of purified casein, edestin, bovine serum albumin, and 
colostrum pseudozlobulin were analyzed for fourteen amino acids. Repro- 
ducible values, in most cases comparable in magnitude and variation with 
those reported from other laboratories by microbiological methods, were 
obtained. 


Addendum—Since the submission of this paper, the above medium and method 
have been found suitable for assay of glycine. Leuconostoc mesenteroides is used as 
the test organism. For this purpose, it is ordinarily necessary to recrystallize the 
pL-alanine used in the medium, since this amino acid, as obtained commercially, is 
sometimes contaminated with glycine. A sample of Merck’s pL-alanine, for example, 
was found to contain 0.6 per cent of glycine by microbiological assay. This was 
eliminated by one recrystallization. 
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A MICROMETHOD FOR THE MICROBIOLOGICAL 
DETERMINATION OF AMINO ACIDS* 


By L. M. HENDERSON, W. L. BRICKSON, ann ESMOND E. SNELL 


(From the Department of Biochemistry, College of Agriculture, University 
of Wisconsin, Madison) 


(Received for publication, August 21, 1947) 


A rapid, routine method for determining amino acids in tissues, enzymes, 
hormones, viruses, and other natural materials available only in small 
quant ties would have wide application. The microbiological. technique 
should be well suited to such a method because (a) it can be applied for the 
majority of the amino acids with only slight variations in procedure and 
because (b) the method is sensitive at conventional volumes and would be 
extremely sensitive if adapted to small volumes. Micro adaptations of 
microbiological assays for vitamins have been described by Pennington 
etal. (1) and by Lowry and Bessey (2) in which 0.2 ml. of medium was used. 
The latter workers, employing Lactobacillus casei for riboflavin determina- 
tions (3), found that the chief difference between the conventional method 
and the micro adaptation was the need for incubation of the small tubes in 
an atmosphere of carbon dioxide saturated with water and the addition, 
prior to inoculation, of a solution of cysteine sterilized by filtration. 

A similar micromethod for the determination of amino acids is described 
below which has been applied successfully in analyzing hydrolysates of 
purified proteins. With this method, at least fourteen amino acids can be 
determined in 10 to 20 mg. of a protein of average composition. 


Procedure 


The medium used, the preparation of inocula, and the general procedure 
were those previously described (4). The only changes in technique were 
those necessitated by the reduction in final volume from 2 to 0.2 ml. 

Standard ? X 3 inch lipless culture tubes were held in racks 9 & 14 em. 
made from sheet copper, each with a capacity of 60 tubes. After the sam- 
ple or standard solutions were placed in the assay tubes at levels of 0, 0.02, 
0.04, 0.06, 0.08, and 0.1 ml., water was added to bring the volume to 0.1 ml.in 
all the tubes. Suitable special pipettes for these volumes have been de- 
scribed elsewhere (1, 2,5). The tubes were then closed with plugs or with 
a suitable cover similar to that previously described (4) and autoclaved for 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by a grant from the Nutrition Foundation, 
Inc., New York, to Professor C. A. Elvehjem. 
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10 minutes at 10 pounds pressure. Double strength basal medium was 
sterilized in the same manner in a plugged flask. When the medium had 
cooled, it was inoculated with 1 ml. of inoculum suspension per 20 mil. of 
medium. O.1 ml. of the inoculated medium was pipetted aseptically into 
cach assav tube. This should be done in a sterilized hood or dust-free 
room, since flaming of the tubes is impracticable. 

The tubes were incubated for 60 to 72 hours in a covered water bath at 
37°. Under these conditions evaporation was negligible. In the cireu- 
lating alr incubator, evaporation was too great and variable to permit 
reliable assays. ‘The lactic acid was titrated electrometrically directly in 
the assay tubes with 0.04 N sodium hydroxide from a micro burette. Cal- 
culations, ete., were made in the same manner as when assavs are conducted 
on the usual seale. 


Mechanical Aids Eimployed 


In the studies described here, special mechanical aids were employed for 
pipetting and titrating. While these are not necessary and do not increase 
the precision of the method, they greatly facilitate the determinations. 

Measurements of volumes were made with the Cannon dispenser.! The 
liquid being measured passes through a small orifice under fixed pressure 
for controlled periods of time to give the desired volumes. Any desired 
sequence of volumes can be dispensed. A special solenoid valve (4, Fig. 
1,4),2 * 1 & 1 inches, essentially similar to that deseribed by Cannon? 
was constructed from a small 12 volt, p.c. solenoid. The blade of this 
solenoid valve is thrust to the right by a spring when the circuit is open, 
compressing the rubber tubing, 7, against a fixed bar, 8, thus interrupting 
the flow. The dispensing tip, 70, was prepared by drawing out 3 mm. glass 
tubing ina flame to the point of complete constriction, and then cutting the 
tube near the termination of the constriction and grinding the cut surface 
back toward the lumen of the tube until the resulting orifice reached the 
appropriate diameter for the volume to be dispensed (less than 0.1 mm. for 
the studies described here). 

The vessels used are shown in Fig. 1; vessel A was used to contain the 
medium and vessel B for sample and standard solutions. The liquids are 
dispensed from the tube, 4 or 12, downward into the assay tubes under fixed 
air pressure exerted above (/, Fig. 1, A). Approximately forty measure- 
ments of any desired volume or sequence of volumes from 0.02 to 0.1 ml. 
ean be made in 1 minute. The accuracy is +1 per cent at 0.1 ml. Al- 
though individual weighings of liquid dispensed by the 0.02 ml. segment 
were not made, five such dispensings weighed 0.1 gm. + 0.001 gm. 


‘Cannon, M. D., in press. 
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The sample vessel (hig. 1, B) has a capacity of approximately 5ml. ‘The 
ground glass joint, /3, permits rapid disassembly for washing the tube, /2, 
and rinsing with the next solution to be dispensed. A number of such 
vessels can be used in turn, the inner joint, 73, remaining in position in the 
rubber tubing of the dispensing assembly, as shown in Fig. 1, A. 

The constriction in the air inlet tube (2, Fig. 1, 4) holds a cotton filter in 
place so that aseptic delivery of solutions (e.g., inoculated media) is readily 
accomplished. Each medium tube, 4, is fitted with rubber tubing ap- 


1 
2 
Vs: 
4 A B 
i2 
hia 
7 


hic. 1. Dispensing vessels and solenoid valve assembly for use with the Can- 
non dispenser. /, inlet for air under controlled pressure, 2, cotton air filter, 3, 14/35 
ground glass joint, 4, 25mm. Pyrex tube 10 em. in length, 5, 12 volt p.c. solenoid, 6, 
glass-encased nail, 7, rubber tubing 1/16 X 1/32 inch, 8, brass bar 5 * 5 & 35 mm., 
9, No. 18 copper wire, /0, dispensing tip, //, 10/30 ground glass joint, 1/2, 12 mm. 
Pyrex tube 7 em. in length, and /3, 5/20 ground glass joint. 


proximately 2 inches long with a tapered glass rod closing the open end in 
place of the tip, 70. Each vessel is also fitted with a brass bar, 8, held in 
position by attached copper wire, 9, with spirals through which the rubber 
tubing, ?, is threaded. This entire assembly, detached from the solenoid 
valve, 5, is autoclaved with the basal medium required. As many as 
fourteen of these vessels have been autoclaved simultaneously, supported 
by spring clips around the upper joint, 3, attached to a strip of wood on a 
ring stand. 

When the medium has cooled, the inner joint of the air inlet, 3, is re- 
moved, the outer joint flamed, and | drop of inoculum, prepared as pre- 
viously described (4), is added for each ml. of sterile, double strength basal 
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medium. The air inlet tube is then replaced. Stirring is accomplished by 
moving a glass-encased nail, 6, up and down in the medium with the aid of a 
small horseshoe magnet. When the vessel is clamped into position with 
the bar, 8, attached rigidly to the body of the solenoid, the valve closes on 
the tubing, 7, and the glass rod is replaced by the dispensing tip, 70, which 
has been separately sterilized in mercuric chloride solution. ‘The tip and 
tubing are rinsed well with inoculated medium; then 0.1 ml. is dispensed 


into each tube. 


Fic. 2. Assembly for electrometric titration in culture tubes. /, 3 mm. glass 
tubing admits the alkali; 2, rubber tubing connecting capillary salt bridge, /0, to 
calomel half-cell; 3, rubber policeman over side arm; 4, hypodermic needle admits a 
suitable stream of CO,-free air for stirring (air passes between the walls of concentric 
tubes, 8 (diameter 3 mm.) and 9 (5 to 6 mm.)); 5, Pt wire from the terminal of the 
galvanometer to the coil of Pt, 6, wrapped around the tube, 9, to form an electrode; 
7, small rubber bands to hold the Pt wire, 5, and the salt bridge, 70, in position; //, 
3/8 X 3 inch culture tube. 


Extreme care must be exercised to prevent solid materials such as chips 
of glass, cotton fibers, or sediment in the medium, standards, or samples 
from clogging the orifice of the tip. ‘To prevent this, all samples, standards, 
water, and media to be dispensed are carefully filtered through No. 42 
Whatman paper. Ground glass joints were left dry, since stop-cock 
lubricants also clogged the orifice. By the technique just described, 1500 
tubes involving 4500 pipettings can be set up in an 8 hour day, provided 
the samples are prepared and diluted in advance. 
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Since the titration procedure has not been previously described and 
has proved very satisfactory, both for 0.2 ml. and 2 ml. volumes (4), it 
will be outlined here in some detail. 

The apparatus used is shown in Fig. 2. It can be readily assembled 
from available laboratory equipment. Its essential parts are a quinhy- 
drone electrode connected through a capillary salt bridge 2 and 10, to a 
calomel half-cell (1 m KCl) with the external circuit closed through an 
inexpensive galvanometer (Leeds and Northrup portable pointer type, 
Cenco No. 82150D or 82155D, 0.5 microampere per scale division or 
equivalent). 

The potential of such a cell is 0 at approximately pH 7.1 and the galva- 
nometer can be readily adjusted to give no deflection at the desired end- 
point. In this case (4) the end-point chosen was pH 7.3. At this end- 
point, the addition of 0.005 ml. of 0.04 N sodium hydroxide to 0.2 ml. 
of the culture medium results in a deflection of one-half scale division on 
the galvanometer. | 

Stirring is accomplished by passing carbon dioxide-free air under pressure 
through a No. 27 or No. 28 hypodermic needle, 4, into a side arm through 
the wall of a rubber policeman, 3. The air passes between the walls of 
the concentric tubes, 8 and 9, and bubbles up through the solution.2, The 
platinum wire, 5 and 6, which serves as the inert conductor for the quin- 
hydrone electrode, is wound around the outer tube, 9, three to five times. 
Small rubber bands, 7, hold the salt bridge and platinum wire in position. 
The outer tube is flanged at the tip to protect the salt bridge and to give 
more effective stirring. The salt bridge, 70, should be made as large as 
possible, with the flow of KCI] solution impeded adequately by shrinking 
of the tip in a flame around a few fibers of fibrous asbestos. If the diameter 
of the capillary is too small, the sensitivity is greatly reduced. 

Although this equipment can be used with a micro burette, most of the 
work described here was done by the technique described by Cannon.? 
In this procedure, the dispenser used for filling the tubes was also used for 
titrating. Instead of measuring volumes, the instrument is used in such 
a way that it records on an automatic counter the length of time that 
alkali is allowed to flow through a small orifice at constant pressure. Re- 
peated checks indicate that the probable titration error is between 1 and 
2 per cent; z.e., 0.005 to 0.01 ml. in a total titration of 0.56 ml. A similar 
percentage error was found for the 2 ml. titrations (4). 

Before titration, quinhydrone is added to each tube as 1 drop of a water 


* A similar device for stirring and titrating the contents of assay tubes has been 
used with burette and indicators by Dr. F. M. Strong and associates in this 


laboratory. . 
* Cannon, M. D., to be published. 
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suspension of such concentration that a slight amount remains undissolved 
when the titration is complete. With some cells, the galvanometer deflec- 
tion at the end-point may change slightly during the first few minutes of use. 
For this reason a buffer solution which contains the major components 
of the basal medium, or a portion of the basal medium itself, adjusted to 
the desired end-point, should be checked after each five to ten tubes to 
ascertain the corrected galvanometer deflection until it requires no turther 
adjustment, after several such checks. Usually no adjustment is needed 
after the first tube. With practice, one can titrate at least two tubes per 
minute with less effort and less chance of reading error than in using a 
burette and indicators. 


Results 


A preliminary study showed that the test organisms being employed, 
Lactobacillus arabinosus 17-5, Streptococcus faecalis R, Leuconostoc 
mesenteroides P-6O, and Lactobacillus delbrueckii 3, would grow and produce 
acid satisfactorily in these small volumes. Under the conditions used, 
incubation in an atmosphere of carbon dioxide and addition of cysteine, 
as recommended (2) with L. casez in the microdetermination of riboflavin, 
were not necessary when L. arabinosus was used and leucine was the limiting 
aminoacid. Standard curves obtained with and without these precautions, 
in all four possible combinations, were superimposable. Incubation in 
air with no added cysteine was also emploved with the other test organisms 
without noticeable difficulties, due to this cause. 

To test the applicability of the microprocedure, a series of parallel assays 
were made with the macroprocedure (2 ml. volumes) previously described 
(4) and the microprocedure (0.2 ml. volumes) described above. The 
same hydrolysates, basal media, inocula, ete., were used in both cases. 
Samples and standards were set up in triplicate at each of five levels. 

The shapes, slopes, and maxima of the standard curves obtained were 
very similar at the 2 volumes. On the micro seale, titrations thus range 
from 0 to almost 1.0 ml. of 0.04 \ alkali. No consistent variations which 
could be attributed to the differences in volume were noted. 

The results of several parallel analyses of four purified proteins tor 
three amino acids are shown in Table 1. Similar parallel assays at the 2 
volumes were conducted for ten other amino acids. The average values 
are given in Table Tl. The variations among individual assays were 
comparable to that shown in ‘Table I. In general, variations were some- 
what greater for the 0.2 ml. than for the 2 ml. determinations. Results 
of analvses of a known mixture of -amino acids by the micromethod were 
also somewhat more variable than those obtained with the 2 ml. assavs. 


With few exceptions, such analyses gave values between 90 and L1O per 
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TABLE I! 


Leucine, Valine, and Threonine Values for Purified Proteins As 


The results are given in gm. per 100 gm. of protein.* 


Protein 


Determined by Parallel Macro and Micro Assays 


Leucine 


Casein... .. 


Bovine serum albumin 


Edestin.... 


Colostrum pseudoglobulin.. 


Valine | Threonine 

| 2mi 0.2 ml. 2 ml 0.2 ml. | 2 mi. | 0.2 ml. 

10.1 9.5 7.3 

| 10.3 9.9 

10.1 10.7 7.2 |. 43 4.3 

6.6 6.7 6.3 6.5 

Ce > 6.0 6.4 

| 7.4 7.2 | 65 | 6.3 3.4 3.8 

8.3 8.5 | 9.4 | 10.2 9.2 10.1 

| | 9.9 | 9.8 


* Same proteins as described previously (4). The values are expressed on an ash- 


and moisture-free basis. 


TaBLeE II 
Amino Acid Composition of Purified Proteins As Determined by Macromethod and 
Micromethod* 

| 
om * a Edestin pseudoglobulin 
2ml. 2 ml. | 0.2 mi. | 2ml. 0.2 ml.| 2ml. | 0.2 ml. 
Arginine 3.85 | 4.15 6.23) 17.42! 18.3?; 5.2%] 5.13 
Aspartic acid 7.42 7.57 11.13 10.6? | 13.43 | 12.67; 9.3!) 9.23 
Glutamic ‘ 21.73 22.5%) 16.65 17.0? 19.48 19.71 10.7 12.62 

Histidine (Streptococcus | | 
faecalis) 2.8: 3.0! 3.6% 3.83! 2.62 3.02/ 2.33 

Histidine (Leuconostoc | 
mesenteroides 3.0' 4.12] 2.73) 3.8 | 2.0? 
Isoleucine 7.69 3.0? 2.8' | 6.57) 6.9! 4.19) 3.9 
Leucine 10.35 | 10.15 11.8% | 10.13 7.5?) 7.2!) 8.3) 8.5! 
Lysine 8.13 8.9% 10.33 | 10.2! | 2.13! 2.42) 6.14) 6.93 
Methionine 2.76 | 2.75 0.864 0.73% 2.14; 2.12] 1.18| 1.14 
Phenylalanine | 5.4% 6.5% 6.8? | 5.2%] 6.2!) 4.3%| 4.5% 
Proline... 11.6° | 12.0? | 

Threonine 4.399 4.34 6.2? 6.48 3.74! 3.97 10.2*| 10.08 

Tyrosine 6.63 4.3? 4.2! | 3.72) 3.7%) 
Valine. 7 6.67 6.55 6.6? 6.2! 9.35 


6.5° 


9.39 


* The values given are averages of the number of determinations shown in super- 


scripts. 


All are expressed as gm. of amino acid per 100 gm. of dry, ash-free protein. 
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cent of the amino acids added, as compared with the 95 to 105 per cent 
obtained when the larger volumes were used (4). With further refine- 
ment, greater accuracy on the micro scale should be attainable. 


SUMMARY 


A micro adaptation of an existing microbiological procedure (4) for 
determining amino acids is described which utilizes 0.2 ml. total volume. 
Parallel assays for thirteen amino acids in protein hydrolysates by the 
macroprocedure and microprocedure indicate that, in most cases, the pre- 
cision of the micro adaptation approaches that of the assay conducted at 
customary volumes. ‘The method does not involve changes in the pro- 
cedure other than those inherent in the change to a smaller volume. 
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THE UTILIZATION OF p-AMINO ACIDS BY MAN* 
VIII. TRYPTOPHAN AND ACETYLTRYPTOPHAN 
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and the Children’s Medical Service, Bellevue Hospital, New York) 
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In a previous publication (1) we expressed the opinion that, with the 
exception of a 5 per cent urinary loss, all of the orally administered acetyl- 
pL-tryptophan may be available to man. Subsequently Luck, Boyer, and 
Hall (2) found that 70 to 83 per cent of intravenously administered acetyl- 
pL-tryptophan was excreted unchanged in the urine within 6 hours of the 
injection. ‘These findings led them to the conclusion that intravenously 
administered acetyl-L- and acetyl-p-tryptophan are not utilized by man. 

The divergent conclusions reached in the two studies may be the result 
of (a) differences in chemical characteristics of the assay methods employed 
or (b) differences arising from the routes of administration of the test sub- 
stances. The wide-spread practical and fundamental implications of the 
latter possibility prompted us to reinvestigate the fate of orally adminis- 
tered acetyltryptophan by measurements of urinary metabolites in the 
adult and nitrogen balance and body weight changes in the infant. Our 
original contention that orally administered acetyl-pL-tryptophan may be 
completely utilized by man received additional support from the failure to 
find by the colorimetric methods of Luck and associates any increase of 
tryptophan values in the urine of subjects fed acetyl-L- or acetyl-pL- 
tryptophan. Furthermore no trace of acetyltryptophan could be detected 
by application of their isolation procedures to these specimens directly or 
to 5-fold concentrates of the urines. Feeding tryptophan-deficient diets 
supplemented in turn for 4 day periods with L- or DL-tryptophan and 
acetyl-L- or acetyl-pL-tryptophan to infants disclosed that subnormal 
growth and N retention were induced in all three subjects only by the diet 
reinforced with pL-tryptophan. This additional evidence of the utilization 
of acetyl-L- and acetyl pL-tryptophan indicates beyond a doubt that the 
metabolic fate of these substances may be drastically affected by the 
manner of administration. 


* The work described in this report was supported by grants from the Rockefeller 
Foundation, the National Livestock and Meat Board, and Mead Johnson and 
Company. 
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EXPERIMENTAL 


Commercially available L- and pL-tryptophan (Merck), containing 13.5 
and 13.6 per cent N respectively, were emploved in these experiments. The 
necessary acetyl derivatives of the compounds were obtained in good vields 
by the method of du Vigneaud and Sealock (3) and the nitrogen content and 
specific rotation of the products found to be in good accord with the 
accepted values. 

Excretion Experiments—As in the previous studies adult subjects were 
given 0.01 mole (2.46 gm.) of acetyl-L- or acetvl-pL-tryptophan in 240 ce, 
of water. The urines were collected and pooled for the succeeding 24 hours 
and analyzed subsequent to adjustment of the pH to 3 with dilute HCl. It 


TABLE | 


Urinary Output of Some Aromatic Metabolites for 24 Hour Period Following Oral 
Administration of 0.01 Mole of Acetyl-L- or Acetyl-pL-tryptophan 


Subject A, male, 70 kilos. 


Acetyltryptophan* 


Substance fed Free \!-Methyl- 
Phenol Aldehyde phenols nicot inamide 
reaction reaction 
me. me. me me. 
None. 1710 100 545 10.3 
Acetyl-L-tryptophan | | 1722 105 150) 9.1 
1790 110 SAS 8.2 


Acetyltryptophan was determined by the method of Albanese, Frankston, and 
Irby (1), free phenols by the procedures of Marenzi (4) and Schmidt (4), and N* 
methylnicotinamide according to Huff and Perlzweig (5). 

* It is to be noted, as Luck and associates have pointed out, that the reactions 
which they employed are not specific for acetyltryptophan. Moreover, the high 
phenol reaction value found is not as excessive as it appears when the number ot 
urinary substances which react positively with the Folin reagent are considered (6). 


is apparent from the typical data shown in Table | that the ingestion of 
either isomer of acetyltryptophan did not increase the titer of aromatic 
metabolites of the urines above the control levels as measured by the pro- 
cedures described by Luck and his associates. This finding «nd the facet 
that acetvltrvptophan could not be isolated trom the urines by the method 
described by these authors would seem to support the view that orally 
administered acetyl-L- or acetyl-pL-trvptophan may be utilized by man. 
The analyses of these urines for free phenols by the method of Marenzi (4) 
and N'-methylnicotinamide by the procedure of Huff and Perlzweig (5) 
indicate that neither isomer of acetvltryptophan is converted to these sub- 
stances. This is of interest in view of the ready metabolic conversion of 
L-tryptophan to pyridine derivatives reported by others (7). 


f 
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Nitrogen Retention and Growth Experiments—In « previous report (8) we 
have shown that the infant can be maintained in normal growth and 
nitrogen retention on a complete diet which supplies a mimimum of 40 mg. 
of L-tryptophan per kilo of body weight per day. With this information on 
hand, we felt that the availability of the derivatives for the support of these 
body tunctions at normal levels could be determined by supplementing the 
trvptophan-deficient diet with equivalent amounts of acetyl-L- or acetyl- 
pL-tryptophan. ‘The biological value of the p component of racemic trypto- 
phan was also tested by this technique. 

The observations reported here were made on three normal healthy male 
infants who were given the synthetic diets in five feedings daily at the rate 
of about 100 calories per kiio of body weight. “Chey were also given 50 mg. 
of ascorbie acid and 15 drops of oleum percomorphum daily. The diet 
periods were of 4 days duration and were consecutive. ‘The subjects were 
immobilized by the use of abdominal restraints and 24 hour specimens were 
collected by means of adapters in bottles containing 10 cc. of 15 percent 
(by volume) HCl and 1 ce. of 10 per cent alcoholic thymol. ‘The feces were 
collected in 19 em. porcelain evaporating dishes held in place by especially 
constructed mattresses and accumulated under refrigeration for each period 
in jars containing 200 cc. of 70 per cent alcohol. The infants were weighed 
daily during the course of the experiment. 

The composition of the diets employed for the assay is shown in Table IT. 
These were made to contain approximately 100 calories per 100 gm. and 
have the followmg percentile caloric distribution: protein 14, fats 36, carbo- 
hydrate 50. The protein moiety of the tryptophan deficient diet was 
prepared by sulfuric acid hydrolysis of casein as previously described by us 
(9). In order to improve the evstine-poor characteristic of this preparation, 
the final product was reinforced with 1 per cent L-eystine of the protein 
content estimated as N & 6.25. Owing to uncertainties regarding the com- 
plete human requirements of B complex vitamins, brewers’ yeast was 
emploved instead of a mixture of the svnthetically available vitamins. The 
amount of L-tryptophan derived from this source appears to be approxi- 
mately 6 mg. pergm. (10). Thus the quantity of L-tryptophan provided by 
the diets per kilo of body weight can be roughly estimated (Table IT). The 
final nitrogen content of each bateh of diet was determined bv micro- 
Kjeldahl analysis. 

The nitrogen retention data were obtained from the results of micro- 
Kjeldahl analwses of the daily 24 hour urine collections, period pools of the 
feces, and daily N intake as computed from the consumption record and 
nitrogen content ot the diet. 

The data thus obtained are collected in ‘Vable IIT and show that only 
Diet B failed to maintain nitrogen retention and body weight gain at the 
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TaBLe II 
Composition of Diets 
Constituents DietA | DietB  DietC | DietD | DietE 
gm. gm. gm. | gm. gm. 
Acid-hydrolyzed casein*............... 3.4 3.4 3.4 3.4 3.4 
0.053, 0 0 0.034 
DL-Tryptophan............. 0 0.040 O 0 0 
Acetyl-L-tryptophan.................. 0 0 0.048 O 0 
0 0 0 0.048 0 
0.035, 0.035) 0.035; 0.035) 0.035 
4.0 4.0 4.0 4.0 4.0 
NO. 9.6 9.6 9.6 9.6 9.6 
2.3 2.3 2.3 2.3 2.3 | 
1.6 1.6 1.6 1.6 1.6 
Total 100.0 100.0 100.0 100.0 100.0 | 
Estimated L-tryptophan content, mg...| 59.0 | 26.0 | 26.0 | 26.0 40.0 


*N X 6.25 


= gm. of protein. 


t Kindly supplied by Mead Johnson and Company. 


t The salt mixture employed had the following composition (measured in gm.): | 


FeSO, 0.9, NaCl 6, calcium gluconate 48, Ca(Oll), 12, KIT,PO;, 7, KC] 6, MgO 0.1. 


The supplements were administered per kilo of body weight. 


III 


Effect of Optical Isomers of Tryptophan and Acetyltryptophan 
on Nitrogen Retention and Body Weight of Infant 


as daily averages. 


Initial weight and 
age of subject 


| Diet A | Diet B 


tophan | tophan 


mos., 5.409 
kilos 

mos., 7.347 
kilos 

H. G., 10 
mos., 7.418 
kilos 


N intake, gm. 


Weight change, gm. 
N intake, gm. 


| Weight shane, gm. 
N intake, gm. 


‘* retention, mg. per kg. 


| Weight change, gm. 


‘* retention, mg. per kg. 


** retention, mg. per kg. 


| 2.90) 2.90; 
160 96 
+18 {| —9 
3.14. 3.00 
146 | 50 
+16 | +4 
| 3.54! 3.50 
130 | 66 
+15 | +3 


Diet C 


48 mg. 
acety!- 
DL-try|> 


| | 


+16 
3.12 
164 
+18 
3.48 
120 
+12 


2.94 


48 mg. 
| acetyl- | 
L-tryp- 


| 


2.96 


419 
3. 10 

127 

+20 


3.46 


132 
+18 


Diet DietE 


All results given 


+20 


+23 


levels attained on Diet A. Since the growing organism is normally ins | 
state of high nitrogen retention, a fall from the level characteristic of the | 


3.4 


| 
| 


t 
s 
is 


| | 
3mg. | 40mg. | 4 mg 
L-tryp- | DL-tryp- tryp u 
phan 
| | 
|e 
f & 
| 
| | 2 
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individual must be given the same interpretation as the inducement of a 
negative nitrogen balance in the adult; namely, that, unlike acetyl-L- and 
acetyl-DL-tryptophan, the D component of DL-tryptophan is not utilized by 
man. ‘This inference is further corroborated by the variations in body 
weight changes induced by the diets. These findings would seem to 
strengthen the deductions previously made from measurements of urinary 
products regarding the metabolic fate in man of D-tryptophan and both 
isomers of acetyltryptophan. 


Comments 

It is evident from our previous and present observations and those of 
Luck and coworkers that the amount of acetyltryptophan utilizable by man 
is dependent in a large measure on the mode of administration. The poor 
utilization of intravenously administered acetyltryptophan may be ascribed 
to two principal causes, (a) the parenteral route by passes some enzyme 
system present in the intestinal walls which can convert both optical 
varieties of the tryptophan derivative to utilizable indole substances, or 
(b) the rapid excretion of the injected compounds from the circulatory 
system into the urine precludes the action of any converting mechanism 
which the blood may contain. The latter possibility would seem more 
plausible in view of the fact that Luck and his collaborators were able to 
isolate unresolved racemic acetyltryptophan from the urine of their 
subjects. 

The fact that the oral administration of acetyltryptophan, unlike L- 
tryptophan (6) does not cause an increase in the output of N'-methylnico- 
tinamide is of interest and is being further investigated. 


SUMMARY 


The earlier suggestion that orally administered acetyltryptophan is 
utilized by man has been strengthened by new measurements on the aro- 
matic components of the urine. Additional support for the view is derived 
from body weight and N retention data obtained with infants maintained 
on diets in which the acetyltryptophan isomers constituted the major 
source of tryptophan. The p component of pL-tryptophan does not seem 
available for these functions. 
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CREATINE AND CREATININE METABOLISM IN THE 
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New Haven) 
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Experiments designed to demonstrate balance between the amount of 
ereatine ingested and the amount retained or excreted as creatine and 
creatinine have so tar failed in their purpose. The results of such studies 
have led to the opinion either that there is an end-product of creatine other 
than creatinine or that the svnthesis of endogenous creatine is retarded by 
exogenous creatine (1). 

We have reinvestigated the question of creatine balance by means of 
isotope methods. By labeling the tissue creatine of a human subject with 
Nit has been possible to observe the changes in the amount of creatine 
deposited in the body after the ingestion of non-isotopic creatine. At 
the same time, the relationship between the amount of creatine present 
in the tissues at any time and the amount excreted as creatinine has been 
studied. Finally, the rate of turnover of body creatine was measured 
before and aiter the administration of exogenous creatine. 

Bloch, Schoenheimer, and Rittenberg (2) have shown that the creatinine 
excreted in the urine of rats fed isotopic creatine while subsisting on a 
creatine-free diet must have been derived from body creatine, since the 
concentrations of \N' in the creatinine and the muscle creatine were iden- 
tical. I:xperimental confirmation through the use of deuteriocreatine 
has been provided by du Vigneaud and his collaborators (3,4). In view of 
these observations we have used the isotope concentration of the creatinine 
isolated from the urine of the subject to calculate changes of body creatine. 


EXPERIMENTAL 


Isotopic Creatine—I|sotopic creatine was synthesized from glycine con- 
taining 31.5 atom per cent excess N' by the methods deseribed by Bloch 
etal. N® found, 10.3 atom per cent excess; calculated, 10.5 atom 


* Alexander Brown Coxe Memorial Fellow, Department of Internal Medicine, 
Yale University School of Medicine, 1946-47. 

t James Hudson Brown Memorial Research Fellow. 

'We wish to thank the American Cyanamid Company, Stamford, Connecticut, 
for their generous supply of eyanamid. 
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per cent excess; HO of hydration found, 12.01 per cent; H.O of hydration 
calculated, 12.06 per cent.2, The non-isotopic creatine used was recrys- 
tallized c.p. creatine obtained from commercial sources; H,O of hydration 
found, 12.10 per cent. 

Isolation Procedure—Creatinine was isolated from urine according to the 
method of Benedict (6). The recrystallized creatinine zine chloride was 
treated overnight with 10 per cent barium hydroxide solution under reflux. 
After removal of barium as the sulfate, sarcosine was isolated as the toluene 
sulfonyl derivative. ‘Two recrystallizations from water assured purity of 
the product as determined by the melting point. ‘The isolation of toluene 
sulfonyl sarcosine avoided dilution of isotopic nitrogen by non-isotopic 
amidine nitrogen. 

Analyses—Urine analyses for creatine and creatinine were performed by 
the method of Peters (7). Urine was collected daily throughout the entire 
experimental period. Usually 4 day pools were analyzed for creatine and 
creatinine. On the 5th day separate aliquots were taken for these analyses 
and for creatinine isolation. 1 ml. of 10 per cent thymol in ethanol was 
added to the bottle used for each day’s collection. 

Analyses for guanidoacetic acid were carried out according to the method 
described by Hoberman (8). 

We are greatly indebted to Dr. D. Rittenberg of the Department of 
Biochemistry, Columbia University, for his kindness in permitting one of us 
(H. D. H.) to carry out N’* analyses in his laboratory. 

Diet—10 days before the ingestion of isotopic creatine, the subject 
(Ek. A. H. 8.) was placed on a diet free of meat or meat products. Milk 
consumption was limited to 250 ml. per day. On an intake of 90 gm. or 
more of protein and of 2500 calories or more per day, the subject was able to 
maintain his weight (63 kilos) to within 1 kilo. 

Creatine Ingestion—-1.295 gm. of N* creatine (20 mg. per kilo) were 
dissolved in 500 ml. of water and taken in equal doses every 30 minutes for 
10 hours. Urine collection, begun at the time of ingestion, was terminated 
in 24 hours. No detectable creatinuria was found. Each day thereafter 
for 38 days urine was collected and treated as described under “Analyses.” 
On the 39th day the N® content of the body creatine was raised by the 
ingestion of 1.16 gm. of guanidoacetic acid containing 30.5 atom per cent 
excess Nin the glycine moiety. During the 10 days which followed urine 
was collected as usual, and treated in the manner described under 
“Analyses.”’ On the 11th day following the ingestion of N“ guanidoacetie 
acid, the ingestion of non-isotopic creatine was begun. 

27.33 gm. of creatine hydrate (24.00 gm. of creatine) were dissolved in 2 


* Calculated for 10.3 atom per cent excess N'*. 


| 
| 


HOBERMAN, SIMS, AND PETERS 47 


liters of water. On each day for 5 consecutive days 400 ml. of the solution 
described above (4.8 gm. of creatine, 75 mg. per kilo) were consumed. 
The creatine was taken in equal portions at 30 minute intervals from 7 
aM. until ll p.m. The urine of the 3rd, 4th, and 5th days contained re- 
spectively 0.15, 0.52, and 0.81 gm. of creatine, indicating that 94 per cent 
of the dose had been retained. Creatine did not appear in the urine after 
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Fic. 1. Rate of turnover of body creatine on a creatine-creatinine-free diet. A = 
the extrapolated value of the log of the N’* concentration for mixing at zero time; 
B = the extrapolated value of the log of the N™ concentration at the end of the day 
of creatine ingestion. 


the 5th day of this experiment. Analyses for creatine and creatinine and 
analyses of the urinary creatinine for isotope were carried out as described 
under ‘‘Analyses’’ for a period of 28 days.: 


Results 


Creatine Turnover on Creatine-F ree Diet—In Fig. 1 is a semilogarithmic 
graph of the data obtained after the ingestion of the isotopic creatine. 
That the slope of the straight line obtained is equal to the rate of turn- 
over of body creatine may be proved as follows. 
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Consider the addition of X gm. of isotopic creatine to G gm. of non-isotopic 
body creatine. Provided that Y is much smaller than G, 
C xX 
(1) — 
1) G 
where C is the isotope concentration In atom per cent excess of the mixture. 
Provided that the rate of uptake of newly synthesized creatine is equal to 
the rate of loss of creatine as creatinine, G mav be treated as a constant, and 


1 dc 1 d\ 
(2) 
dt (; dt 


After ingestion, absorption, and mixing of the isotopic creatine are com- 
plete, 
(3) dX 
= 

dt 100 
That is, the rate of loss of isotopic creatine is equal to the number of gm, 
per day of creatine, e, excreted as creatinine, multiplied by the traction 
present as the isotopic compound. ‘Then 


4) dC e 
dt 


and integrated from = 0, and ( = 


(5) in Co _ 
e/G represents the traction of creatine synthesized and excreted per day. 
This is the slope, /, of the curve of Fig. 1, and is computed to be 0.0164 
per dav. Since the average daily output of creatinine during the exper- 
imental period was 1.89 gm. of creatine (1.63 em. of creatinine), the total 
creatine content, G, of the subject is 1.89/0.0164 = ll5 em. A check on 
this figure is obtained by calculating the total creatine content from the 
isotope concentration if mixing had oecurred at zerotime. This concentra- 
tion is obtained by extrapolation of-the curve of Fig. 1 to zero time. Point 
A is equivalent to an isotope concentration of 0.376 atom per cent excess. 
As shown below, 97 per cent of the isotopic creatine was retained, so that 
0.97 * 1.295 = 1.26 gm. of creatine were available for mixing with the 
creatine of the body tissues. Then G = (31.5 & 1.20/(0.376)) — 1.26 = 
105 gm. in good agreement with the quantity ealeulated above. 
[It will be noted that creatine is turned over somewhat more slowly in the 
human than in the rat. The time of 50 per cent turnover calculated trom 
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= 2.3/k log 2 is 42 days, in comparison with 29 (2) and 36 days (4) re- 
ported for the rat. 

In order to determine to what extent degradation of the administered 
creatine had occurred, ammonia and urea were isolated from the urine 
collected during the day of ingestion. ‘The isotope concentrations of these 


compounds and of the stool nitrogen of the first 2 experimental days are 


tabulated below (Table I). 

Ammonia was isolated by adsorption on and distillation from permutit. 
Urea Was isolated as xanthydryl urea. 

From these data it appears that 3 per cent of the creatine given can be 
accounted for in nitrogenous substances other than creatinine. 

Creatine to Creatinine Transformation—Particularly because the isotope 


TABLE I 


Concentration of N® in Urinary Constituents and in Stool Nitrogen after 
Ingestion of Isotopic Creatine 


N® concentration, 


Substance N atom per cent N® creatine 
excess 
me. | | me. 
Ammonia | | (}.42 
Urea | 0) 
Stool | 1420 0.042 | 17.0 
2000 0.028 17.1 


* Had as little as lo mg. of the ingested creatine been degraded to urea, a measura 
ble excess of N'® would have been found in the presence of 10 gm. of urea nitrogen 


concentration of the urine creatinine has been used to calculate changes in 
the amount of body creatine, it is necessary to show that there is little or no 
conversion of creatine to creatinine until the former has become mixed with 
the creatine of the body. That this is the case under the conditions of the 
experiment deseribed is indicated by the following analysis. extra- 
polation of the curve of Fig. 1 to Poimt B, the N® concentration of the 
creatinine excreted at the end of the first experimental day was 0.324 atom 
per cent excess. ‘The isotope concentration of the creatinine excreted dur- 
ing this day was the average of values between 0 and 0.324 atom per cent 
excess. Since the isotopic creatine was ingested at a constant rate over a 
10 hour period, it may be assumed that during this period the isotope con- 
centration in the creatinine averaged approximately one-half of 0.324 atom 
per cent excess, or 0.162 atom per cent excess. For the remainder of the 
day the isotope concentration of the creatinine averaged approximately 
0.324 atom per cent excess. The average concentration for the entire day 
was, therefore, 0.162 & 10/24 + 0.324 * 14/24, or 0.255 atom per cent 
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excess. The observed concentration, 0.226 atom per cent excess, is, there. 
fore, too low to include creatinine formed by conversion of the administered 
creatine before mixing had been attained. Moreover, if all of the isotope ip 
the creatinine excreted during the first experimental day had been derived 
from the isotopic creatine before dilution occurred, only 1 per cent of the 
amount given would have been required to produce the observed N*% 
concentration. 

Bloch and Schoenheimer (5), treating their data in a similar manner, 
found that the isotope concentration of the creatinine isolated from the 
urine of rats fed isotopic creatine was somewhat higher than the calculated 
value. Approximately 2 per cent of the ingested creatine may have been 
converted to creatinine before dilution with all of the body creatine had 
occurred. 

Effect of Exogenous Creatine on Turnover—Once N* creatine has been 
deposited in the tissues of the body and the rate of replacement of body 
creatine has been determined in the manner described, the effect of ex- 
ogenous creatine on the turnover may be studied by measuring the dilution 
of isotope resulting from the ingestion of the non-isotopic substance. 

The changes in the N® concentration of the creatinine excreted during 
and after the ingestion of 24 gm. of non-isotopic creatine are shown in 
Fig. 2. N*® became rapidly diluted during, and for 2 days after, the in- 
gestion period. A marked decrease in slope followed, with return to the 
original rate of dilution approximately 17 days after the start of the ex- 
periment. The significance of these changes becomes clearer when the 
N*® concentrations and corresponding times are used to calculate the total 
body creatine by means of an equation developed as follows: 

The complete differential of equation (1) with respect to time is 


(6) 100 dt dt ar 
(? 


By substituting the value of X from equation (1) and of dX /dt from equa- 


tion (3), and by simplifying, 
If it is now assumed that e/G = k, or, in other terms, that the amount of 


tine in the body, equation (7) may be integrated between ¢ = 0, and ¢, 
Co, and C, and Gp and G to yield 


(8) go 


creatine excreted as creatinine is proportional to the total amount of crea- | 
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By letting Co = 0.356 atom per cent excess,?G°® = 115 gm., and k = 0.0164 
per day, the values of @ have been calculated for the observed values of 
Canit (Table II, Column A). 

These are compared with the values of G which would have resulted if all 
of the ingested creatine had been deposited in the tissues of the body (less 
the 1.5 gm. excreted in the urine), and if the synthesis and uptake of en- 
dogenous creatine had been independent of the amount of exogenous 


n'SCONCENTRATION ATOMS % EXCESS 


_ 5 10 15 20 25 30 


TIME IN DAYS 


Fic. 2. Changes in the N?* concentration of urinary creatinine during and after 
the ingestion of 24 gm. of non-isotopic creatine. 


creatine (Table II, Column B). Under these circumstances the changes in 
body creatine are described by the following differential equation: 
dG 


h— kG 
(9) a + kG 


where a = gm. of exogenous creatine deposited per day, b = gm. of en- 
dogenous creatine deposited per day, k = fraction of total creatine ex- 
creted as creatinine per day, and G = gm. of body creatine. ‘The integrated 
expression from ¢ = 0, and G = (5 is 


(10) (: + Core 


*This is the N' content of the tissue creatine on the 10th day after ingestion of 
N'* guanidoacetic acid. It should also be mentioned that, during the 10 days follow- 
ing the ingestion of N'® guanidoacetic acid, the rate of turnover of body creatine 
was identical with that found during the antecedent 38 day period. 
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With & = 0.0164 per day, Go = 115 gm., a = 4.8 gm. per day (less the 
amounts lost in the urme on the 3rd, 4th, and 5th days), and b = 1.89 
gm. per day, G has been calculated from ¢ = O tof = 5. From / = 6 to 
( = 27, G has been calculated for a = 0, with Go = G tort = 5. 

From the results in Table II it is evident that the uptake of exogenous 
creatine fell short of the calculated amount. Whereas the application of 
equation (10) leads to an expected uptake of 22 gm. of the 24 gm. admin- 
istered, the observed increase was only 13 gm., 59 per cent of the calculated 
maximum. 

A second noteworthy difference between the data listed in Columns A 
and B, Table IT, is the rate of decrease of body creatine. Whereas ap- 
proximately 10 days were required for the tissue creatine to fall from 128 


TABLE Il 
Changes in Body Creatine, during and after Ingestion of 24 Gm. of Non-Isotopic 
Creatine 
Time N+ concentration, | Total creatine, observed | Total creatine, calculated 
atom per cent excess | ; | 7 
days Em. cm. 
0.356 115 | 
3 0.316 123 129 
5 | 137 
6 0.291 128 | 
7 285 | 128 | 
10 0.277 126 | 136 
12 | 0.276 122 
17 0). 260 110 1334 
22 | 0.241 118 132 
.221 119 130 


te 


to 119 gm., 73 days would have been required for the same loss to have 
occurred according to the conditions necessary for the application of equa- 
tion (10). It should be mentioned that the apparent decrease in body 
creatine oecurred with no associated increase in the amount of creatinine 
excreted. 

It should also be pointed out that not only did the deposition of creatine 
continue to appear, albeit at a decreasing rate, in the presence of an increas- 
ing creatinuria but also after the last dose of exogenous creatine had been 
administered. 

Creatinine Excretion—Graphical integration of the data in ‘Table II, 
(‘olumn A, permits calculation of the average creatinine excretion ac- 
cording to 


(11) kG 
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where € is the average creatinine excretion (expressed as gm. of creatine) 
and G is the average body creatine content, the integration being per- 
formed over the 27 day experimental period. By this method é€ was cal- 
eulated to be 2.00 gm. per day. 

The average creatinine excretion which would be expected to result from 
the increase in body creatine caleulated by means of equation (10) can be 
directly computed, since 


(12) G = | dt 
t t=0 


Solving equation (12) and substituting in equation (11), we find the aver- 
age creatinine output (expressed as gm. of creatine) to be 2.20 gm. per day. 
This is In contrast with the observed average creatinine excretion, which 
was equivalent to 2.05 gm. of creatine, in good agreement with the 
amount calculated by graphical integration of the isotope dilution data. 

Creatine lo Creatinine Transformation—A\though the direct conversion of 
creatine to crestinine was shown to be improbable for the experiment in 
which a relatively small dose of isotopic creatine was given, it has not vet 
been proved that this holds true under the conditions of the experiments 
just deseribed. The possibility of direct conversion should increase with 
the concentration of creatine in the serum, and therefore during creatinuria. 
Actually, although the excretion of creatine during the 4th and 5th days ot 
creatine ingestion was almost LO times as great as its excretion during the 
first 3 davs, the rate of dilution of the isotope was greater during the first 
3 than it was for the second 3 days. 

Effect of Creatine Ingestion on Excretion of Guanidoacetic Acid—The 
differences encountered between the amounts of creatine calculated from 
isotope dilution data on the one hand and from equation (10) on the other 
and the discrepancy between the observed and calculated excretion of 
creatinine indicate that the assumptions upon which the validity of equa- 
tion (10) depends are questionable. In order to test the possibility that 
exogenous creatine influences the rate of svnthesis of creatine, the exeretion 
of guanidoacetic acid in urme was measured before and after the ingestion 
of creatine. It was reasoned that any retardation of the svnthesis of 
creatine might be reflected in an imerease of the excretion of guanidoacetic 
acid, the immediate precursor of creatine (9). 

That the amount of guanidoacetic acid excreted in the urine increases 
after creatine ingestion is seen in Fig. 3. Oral tolerance to guanidoacetic 
acid is lowered significantly when the guanidoacetic acid is ingested with 
creatine. This is illustrated in Fig. 4, which shows the amount of guan- 
idoacetic acid excreted in 24 hours when 2.5 em. of creatine were taken 
alone (.1), when 1.5 em. of guanidoacetic acid were taken alone (2B), and 
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250 


ANIDOACETIC ACID EXCRETED IN 24H 
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Mgms. GU 


2 4 6 8 

TIME IN DAYS 

Fic. 3. Excretion of guanidoacetic acid during creatine ingestion. The arrows 
denote the dose of 4.8 gm. of creatine per day. 
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Fic. 4. Excretion of guanidoacetic acid when (A) 2.5 gm. of creatine ingested | 


alone; (B) 1.5 gm. of guanidoacetic acid ingested alone; (C) 2.5 gm. of creatine and 
1.5 gm. of guanidoacetic acid ingested together. 


when guanidoacetic acid and creatine were ingested together (C). The 
simultaneous ingestion of the two compounds increased the guanidoacetit 
acid content of the urine more than 100 per cent over the control value. 
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DISCUSSION 


Creatine Balance—The present study shows that exogenous creatine may 


be completely accounted for neither in an increase of body creatine nor by 


extra creatinine excreted. Creatine apparently disappeared not only dur- 
ing the period of ingestion, but also during the subsequent 10 days. Any 
single theory proposing to account for the facts would have to be equally 
applicable to both events. For example, any argument based upon in- 
completeness of absorption of the ingested creatine to account for the loss 
incurred during the ingestion period could not apply to events which trans- 
pired during the post-ingestion period. Similarly it would be difficult to 


account for the observations described on the theory that creatine was 


destroyed, since the destructive process would be required to apply to 
substrate both before and after deposition. Tracer studies have shown that 
in the rat destruction of creatine is improbable. After daily doses of N“% 
creatine 50 per cent greater in amount than the normal daily turnover, no 


- important metabolic end-product of creatine other than creatinine could be 


—- 


demonstrated (2). Among the conditions upon which the validity of 
equation (10) depends is the stipulation that the rate of synthesis of en- 
dogenous creatine is independent of the amount of exogenous creatine. 
The results of the experiments described are more compatible with the 
hypothesis that the synthesis of creatine is retarded by, or in the presence 
of, exogenous creatine. Such a process would yield the results observed 
here. 

The increase in the excretion of guanidaacetic acid after creatine ad- 
ministration accounts at best for only a few per cent of the administered 
material. Unless another metabolic pathway exists for guanidoacetic acid, 


it would be difficult to accept the excretion of extra guanidoacetic acid as 


evidence for a theory of “backing up” of synthesis. Evidence is at hand, 
however, Which shows that creatine deposited in the tissues of the body 
after N'® guanidoacetic acid is ingested accounts for only 70 per cent of the 
guanidoacetie acid given. Significant amounts of N“ were found in the 
urea and ammonia of the urine. After the intravenous injection of a 
similar amount of N“ guanidoacetic acid the concentration of N™ in the 
unary ammonia and urea was equivalent to that found after ingestion of 
the compound.‘ It is therefore apparent that in man a significant amount 
of guanidoacetic acid may enter into reactions zn vivo other than conversion 
to creatine. 

The nature of the retardation process can only be suggested at this time. 
That the methylation of guanidoacetic acid is irreversible seems well 


established (2,10). There is, however, a type of chemical reaction which 


could account for the retardation of creatine synthesis on another basis. 


‘Unpublished observations. 
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The participation of creatine in a competitive reaction is such a possibility, 
It has reeently been shown that the synthesis of creatine from guanidoacetic 
acid and methionine may require the presence of adenosine triphosphate 
(11). It is conceivable that exogenous creatine may act here as a com- 
petitive substrate for adenosine triphosphate, depriving the synthetic 
mechanism of a requisite high energy phosphate bond. 

The presence of creatine in especially high concentration may retard the 
methylation of guanidoacetic acid to such an extent that extra guanido- 
acetic acid appears in the urine. When the degree of inhibition is some- 
what less, the accumulation of guanidoacetic acid may be prevented by 
reversal or retardation of the processes by which this compound is formed, 
These hypotheses are now being investigated in this laboratory. 

Transformation of Creatine to Creatinine—The non-enzymatic dephos- 
phorvlation of creatine phosphate to creatinine has been demonstrated to 
tuke place in aqueous solution at a rate sufficiently fast to account for the 
amount of creatinine formed and excreted per day (12). The results of the 
experiments described in this paper are consistent with such a theory of 
creatinine formation, since they indicate that the amount of creatinine 
excreted per day is directly proportional to the amount of ©) line present 
in the body. The amount of creatine, existing as phosphate, which must 
be present at any time, calculated from Borsook’s data together with ours, 
is approximately 35 per cent of the total. Since this is significantly lower 
than the actual amount present, it would seem likely that Borsook’s value 
for the rate constant of the reaction creatine phosphate —> creatinine is 
lower in vivo than in vitro. [tis likely that his assumption of irreversibility 
of the reaction creatine phosphate —> creatine + morganic phosphate 
does not apply to the svstem 7m vive, since the splitting of phosphocreatine 
to creatine is reversible in muscle (13). [t is also possible, however, that 
another process, as vet undeseribed, determines the rate of creatinine 
formation. 

Rate of Creatine l ptake—The spontaneous conversion of creatine to 
creatinine, had it occurred before mixing with the creatine ot the body and 
had it taken place at the rate reported for the reaction 7m v7fre (12), could 
completely account for the N!® concentration of the creatinine isolated from 
the urine collected during the day of ingestion of isotopic creatine. The 
fact that this was not the case is convincing evidence tor a rapid rate ot 
turnover of phosphocreatine in the body. The rapidity of this exchange 
has been repeatedly demonstrated with radiophosphorus as a tracer (14 
16). That the apparent rate of uptake of creatine is determined by the 
exchange of phosphate within cells or during the passage of creatine across 
the cell membrane is therefore unlikely. The tact that there was con- 
tinued uptake of creatine in the presence of increasing creatinuria as well 
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as alter the cessation of creatine feeding is evidence, however, oi the ex- 
istence of a rate-setting process involved in the deposition of exogenous 
creatine. ‘Lhe isotope concentration of creatine isolated from the internal 
organs Of rats sacrificed shortly after being fed N creatine was approx- 
imately 15 per cent greater than that of the muscles (5). ‘This observation 
is consistent with the theory that the internal organs act as a reservoir for 
exogenous creatine. ‘Lhe slow process observed might therefore be related 
to transportation of creatine between organs. If the conversion of creatine 
to creatinine had taken place at the same rate in the internal organs as in 
muscle, the creatinine excreted would have the same isotope composition 
as if interorgan mixing had occurred. Since this was not the case, either 
the rate of conversion of.creatine to creatinine in the internal organs was 
slower than the rate in muscle, or the transport of creatine from internal 
organs to muscle is rate-determining. Since the minimal rate of con- 
version of creatine to creatinine is in all probability the non-enzymatic 
dehydration of creatine, which, it has been pointed out, was not detectable 
in our experiments, it is most probable that the process which determines 
the rate of mixing is related to the transportation of creatine between 
organs. 

That there are at least two reservoirs tor creatine, one expansible (muscle) 
and the other of relatively limited capacity (liver, kidneys) is likely in view 
of the tact that the deposition of creatine continued during increasing 
creatinuria. Creatinuria, it would tollow, occurs when the rate of filling 
of the reservoir of limited capacity exceeds the rate of transport of creatine 
to the more expansible one. ‘That the deposition of creatine continued 
alter the cessation of creatine ingestion might well be due to the transport 
of creatine from the filled reservoir (liver, kidneys) to the unfilled one 
(muscle). ‘he process or processes involved in interorgan mixing cannot 
be identified at this time. ‘That the observed rate of mixing is slower than 
the speed of circulatory transmission can be calculated. It is suggested 
that the step which determines the rate of interorgan mixing may be con- 
cerned with the reaction in muscle, creatine (extracellular) = creatine 
(intracellular). It is also suggested that this step may depend upon the 
speed of uptake or the availability of Inorganic phosphate. 


SUMMARY 


By labeling the tissue creatine of a human subject with N® the changes 
in the amount of creatine deposited in the body have been observed before 
and after the ingestion of a large dose of the non-isotopic compound. It 
was found that the rate of turnover of endogenous creatine on a diet as free 
of creatine and creatinine as possible is 1.64 per cent per day. 

Balance could not be demonstrated between the amount of creatine 
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retained and the amount actually deposited in the depot, or excreted as 
extra creatinine. To explain these observations it is suggested that the 
synthesis of endogenous creatine is retarded in the presence of exogenous 


creatine. 

The amount of creatinine excreted daily was shown to be directly pro- 
portional to the amount of creatine in the body. 

The uptake of creatine by muscle takes place at a measurable rate. The 
processes which may be involved in determining this rate are discussed, 
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NUCLEIC ACIDS AS GROWTH FACTORS IN DROSOPHILA 
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Investigators have been trying for many years to obtain a chemically 
defined medium which will support the growth of insects. There were two 
main reasons for this search. Some men were interested in it as a problem 
in comparative nutrition, and many interesting differences between verte- 
brate and insect requirements have come to light (cf. Trager’s review (1)). 
Geneticists were interested in obtaining a constant, defined medium for 
exact studies of gene expression, since the expression of many of the genes 
of Drosophila, Ephestia, and other inseets vary with the nutritional state of 
the animal. ‘The work of Beadle and Tatum (2) on the biochemical mu- 
tants of Newrospora has given added impetus to the search, since a chemi- 
cally defined medium would permit an investigation of similar mutants in 
Drosophila. ‘The requirements of insects for various substances have been 
worked out in several different studies: salts (3), cholesterol (4), thiamine 
and riboflavin (5), and pyridoxine, pantothenic acid, and niacin (6). Fi- 
nally, Schultz ef al. (7) announced a chemically defined medium which would 
allow the growth of Drosophila in the absence of microorganisms. Pupa- 
tion on this medium occurs in 8 to 9 days at 25° instead of in 4 to 5 days on 
a yeast medium. ‘The water-insoluble fraction of yeast contains some as 
yet unidentified substance necessary for rapid development. Ribonucleic 
acid was one of the components important for growth. 

The present paper reports the effects of substituting various nucleotides 
and purine or pyrimidine bases for the ribonucleic acid in a formula essen- 
tially similar to Schultz’. 


Methods 


The medium was prepared in two parts (Table I). Solution A, contain- 
ing salts, agar, amino acids, cholesterol, ete., was made up in 437 ml. of 
water and sterilized by autoclaving at 15 pounds pressure for 20 minutes. 
Solution B, containing the vitamins, was made up in 63 ml. of water and 
sterilized by filtration through a medium sintered glass filter. These solu- 
tions were stored in the cold. In making up the culture tubes, 3.5 ml. of 
Solution A and 0.5 ml. of Solution B were transferred by sterile procedures 
to each tube, and the two were mixed together thoroughly and then al- 
lowed to cool on a slant. 
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Eggs were collected trom half pint culture bottles within a 2 hour period. 
washed in insect-Ringer’s solution to remove most of the adhering veast. 
sterilized in 70 per cent ethanol (8), and transferred by sterile techniques, 
with a platinum loop and flaming, to the tubes containing the test medium. 
This technique resulted in sterile cultures in 95 to 97 per cent of the tubes 
set up. Results on the non-sterile tubes were omitted trom the tables. 
since they were not comparable to the sterile ones. ‘Ven to twenty eggs 
were placed in each tube containing 4 ml. of food. “Pwo to five tubes of 


TABLE | 
Chemically Defined Medium for Drosophila 


Solution A 


Agar | 7.5 gm. WKH.PO, | 0.303 gm. 
Casein hydrolysate | 0.303 
L-Cystine CaCl, | 0.00645 
L-Tryptophan FeSO. 7HLO 0.00645 
Cholesterol! 0.05 Mgs0O,-7H.0 0.123 
Lecithin 0.05 MnsS0O,-4H.0 0.00615 
Ribonucleic acid * NaCl 0.00645 
Sucrose H.O 437 mi, 
Solution B 

Biotin 7.57 Ca pantothenate 3 meg. 
Choline 10.0 mg. Folie acid 3 oe 
p-Aminobenzoic acid Pyridoxine HC] 1.5 
Inositol Riboflavin 1.2 
Niacinamide Thiamine 0.75 ne 


63 mil. 


cach medium for each stock were used. ‘The tubes contaiming the develop- 
ing flies were kept at 25° and examined every day. 
Results 


A 


Effects of Substituting \ ucleotides for Ribonucleic Acid (RNA) 0.5 gm. 
of RNA was hydrolyzed by incubation with 5 ml. of | \ NaOH at 38° for 24 
hours (9). It was then placed at 5° for 12 hours. The solution was then 
neutralized with 1 N HCl (with phenol red as indicator) and evaporated to 
dryness tn vacuo at room temperature overnight. The light tan powder 
obtained was added to a batch of Solution A in place of ribonucleie acid, 
sterilized by autoclaving, and tubes containing 3.5 ml. of this solution and 
0.5 ml. of Solution B were prepared. 

The resulting growth of Drosophila on this medium compared with 
growth on the normal medium containing RNA, measured by the length of 


| 
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time required for pupation and hatching, is given in Table II. The figures 
are the average number of days from the time the eggs were placed on the 
medium until pupation occurred and until the adults hatched. The figures 
in parentheses are the ranges for these figures. In general, the flies grow 
as well on the nucleotide medium as on the RNA medium. Stocks of Bar 
and Double Bar (eves) grow a little better on RNA, and stocks of four- 
jointed (legs) and tetraltera (wings) grow a little better on nucleotides. All 
of the mutants develop a little more slowly than wild type on these media, 
just as they do under normal culture conditions with corn-meal, molasses, 
agar, and yeast. ‘The tetraltera flies raised on RNA never hatched out but 
died as pupae. With all the stocks on all the media tried, there usually was 


TABLE II 


Growth of Drosophila on Ribonucleic Acid and on Nucleotides from Hydrolyzed 
Ribonucleic Acid 


Medium with ribonucleic acid, Medium with nucleotides, 


Stock* 1 mg. per ml. 1 mg per ml. 
Egg-pupa | Egg-adult Egg-pupa Egg-adult 
days | days days ) days 

Wild 14.5 (13-16) 10.9 (10-12) | 14.2 (14-15) 
rg 13.2 (12-15) | 17.3 (16-18) 13.1 (12-14) 17.0 (16-18) 
B | 10.5 (913) | 14.9 (14-16) _ 11.7 (10-13) 15.8 (14-17) 
BRB 10.6 (10-12) | 15.3 (15-17) 12.1 (11-13) 16.2 (15-17) 
ds 13.2 (11-15) | 16.3 (15-18) 13.2 (11-15) , 16.4 (15-18) 
fj 12.9 (11-15) | 16.1 (15-18) 12.1 (11-13) | 16.0 (15-17) 
ss? | 11.5 (10-13) 15.4 (14-17) 11.8 (11-13) , 16.1 (15-17) 
tet | 17.0 (16-18) | 14.2 (12-16) | 17.2 (16-18) 


* vg, vestigial wings; B, Bar eyes; BB, Double Bar eyes; ds, dachsous (short) legs; 
fj, four-jointed (short) legs; ss*, aristapedia (antennae replaced by legs); tet, tetral- 
tera (wings replaced by halteres). 

t The figures in parentheses represent the range. 


a considerable mortality in both the larval and pupal stages; only about 70 
per cent of the larvae pupated and about 40 per cent hatehed. 

Effects of Substituting Purines and Pyrimidines -Vhe purines and pyrimi- 
dines which were available were tested singly and in combinations as sub- 
stitutes for RNA in the medium. In one set of experiments (Table II1), 
sucrose Was omitted from the medium and in another set (Table IV) sucrose 
was added in normal amount. It can be seen from ‘Table IIT that the omis- 
sion of sucrose results in a drastic reduction in the percentages of flies pupat- 
ing and hatching. One Double Bar larva was able to pupate on a medium 
containing neither sucrose nor nucleic acid after 21 days of larval develop- 
ment, and it hatehed on the 25th day. This fly was the only phenocopy 
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observed in the course of the experiments: the eyes, instead of being much re- 
duced in size and bar-shaped as BB eyes normally are, were larger, 
approaching wild type in size, and were oval in shape. 


III 
Growth of Drosophila on Media Containing Certain Purines and Pyrimidines but No 
Sucrose 
| Wild Bar | Double Bar 
Concentra- 
Purine or pyrimidine tion Somer | 
Lar- | Pupated | | Pupated | Pupated | Adut 
ow per mi. | days | days days | days days days | days days be 
None 6-21 |2~-12'2-14 0 8-38 21 4/25/14 
Adenine l- 3 0 2)1l- 2 0 2 0 0 
1 3- 5 0 2 0 2 0 0 
Ribose 0.3 | 
Adenine 0.2 | 3-18! 91158 2143-15 15 5 2-1511-15 10 0 
Guanine 0.2 
Uracil 0.2 
Adenine 0.2 3-17 0 |1-12)1-24) 15 | 5 (3-19 0 0 
Guanine 0.2 | 
Uracil 0.2 | 
Ribose 0.2 | 
Adenine 0.4 1-16 0 |2-13)1-15, Q 2-15 0 0 
Guanine 0.4 
Adenine 0.4 221/11 (14 |2-19/2-12 02-1210 (11 0 
Uracil 0.4 ; | | 
| | 
Guanine 0.8 {13-25 0 |2-18'2-18, 0 0 0 
Desoxyribonucleic| 0.3 | 2-28 0 0 2-14 
acid | | | | | | 
* None pupated. 


On the sugarless media (Table [11), the larvae of all four stocks tested 
died very quickly on media containing only adenine or adenine plus ribose. 
They lived for long periods of time but were unable to pupate on media 
containing desoxyribonucleic acid, guanine, or guanine plus adenine. A few 
were able to pupate, but none hatched, on media containing adenine plus 
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uracil, adenine, guanine, and uracil, or adenine, guanine, uracil, and ribose. 
Some differences in the ability of different stocks to grow on these media 
were observed. Vestigial larvae were unable to pupate on the medium 
(adenine, guanine, and uracil) which permitted 58 per cent of the wild type 


larvae to pupate. 


Purine or pyri- |Concen- 
midine tration 
<a me. per 
mi. 
None 
Adenine l 
0.5 
Guanine 0.5 
Uracil 0.5 
Guanine 0.5 
Uracil 0.5 
RNA 1 
Benzimida- 1 
zole 
Adenine 1 
Benzimida- 1 
zole 
1 
0.1 


5-20 


l- 2 


5-21 


TaBLe IV 


Growth of Drosophila on Media Containing Certain Purines and Pyrimidines Plus 6 
Per Cent Sucrose 


With adenine alone, the larvae died very quickly. 


Wild Vestigial Double Bar 
Pupated | Hatched | }#™ | pupated | Hatched | 8% | Pupated | Hatched 
days days days | days days days | days days 
13.1139 | 3-16)12.2/55 |15.7/44 .2-36)10.3)74 |14.2)64 
8.250 |11.4/28 | 3-11)10.2 23 |14.5/12 2-11) 9.3/72 |13.4!46 
8.688 |11.6:76 | 1-13)10.2'66 |14.3150 2-10) 8.5/87 
16.5192 |18.9154 | 2-31117.5/21 [22.01 4 

0 Q | 1-23 0 0 j\l- 2 0 0 

0 0 | 1-21 0 0 1-2 0 0 
| 

0 0 |} 1-15)14.8'20 (19.0) 5 0 
15.169 18.0/54 |10-18)13.1'90 


With guanine alone, the larvae lived up to 25 days but were small and never 


pupated. 


nine alone and grew to almost normal size but could not pupate. 
adenine plus uracil the larvae lived long, were of almost normal size, and a 
few wild type and Double Bar larvae pupated. With adenine, guanine, 
and uracil, the larvae grew to normal size and more than half of the wild 


type flies pupated in about the same time as they would have on a normal 


nucleic acid-sucrose medium. 


With adenine plus guanine, the larvae lived longer than on ade- 


With 
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When sugar is added to the medium (‘Table LV), the larvae of wild, vestig- 
ial, and Double Bar are able to pupate and hatch in the absence of RNA. 
When purines or pyrimidines are added, the larvae pupate in a shorter time 
and a greater percentage of them pupate and hatch. The experiments in- 
dicate that adenine is more important than guanine and uracil in promoting 


pupation: larvae do almost as well on adenine alone as on a mixture of. 


adenine, guanine, and uracil. Pupation occurs much later on guanine and 
uracil, even later than in the absence of any purine or pyrimidine, although 
eventually a high percentage of the wild type flies on guanine and urageil 
pupate and hatch. The medium with adenine, guanine, and uracil gives 
more rapid development and a slightly higher percentage of pupation and 
hatching than does the original RNA medium. 

Because of its structural similarity to the purines, benzimidazole was 
tried in the medium, either alone or in combination with RNA or adenine 
(Table IV). A marked difference in the ability of the different stocks to 
respond to benzimidazole is evident. With RNA or adenine, benzimidazole 
(1 mg. per ml. of medium) caused the death of wild and Double Bar larvae 
inl or2days. The larvae hatched out but were unable to grow.  Vestig- 
ial larvae were able to grow and survive up to 23 days, but were unable to 
pupate. On benzimidazole alone (1 mg. per ml. of medium), wild and 
Double Bar larvae again were unable to survive and grow, whereas vestigial 
larvae grew and a fraction of them were able to pupate and hatch. The 
numbers pupating and hatching were very similar to those raised on the 
guanine-uracil medium, but the time of pupation and hatching was a little 
less on benzimidazole. On a medium containing a lower concentration of 
benzimidazole (0.1 mg. per ml. of medium), wild as well as vestigial larvae 
were able to survive, pupate, and hatch, but vestigial larvae still grew 
better than the wild type. 


DISCUSSION 


The results given in ‘Table II show that all of the stocks tested can grow 
about as well on a medium containing nucleotides from hydrolyzed RNA as 
on one containing RNA itself. The growth-promoting effect does not re- 
side in some specific arrangement of the components of RNA orin RNAas 
such, but in the nucleotides themselves and specifically in the purines and 
pyrimidines. Of the three purines and pyrimidines tested (eytosine, the 
other pyrimidine found in RNA, was unavailable), adenine seems to be the 
most important factor in causing rapid growth. Wilson (10), using an in- 
adequate yeast medium, found 0.004 m adenine to be toxic. The fact that 
the flies are killed by adenine in the absence of sugar but survive on adenine 
plus sugar shows that adenine itself is not toxic, but perhaps makes some 
demand on the larva or stimulates larval growth in some way to which the 
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larva is unable to respond in the absence of sugar. In the presence of sugar, 
adenine causes a marked decrease in the length of the larval period, but the 
percentage of larvae pupating and hatching is relatively low. The experi- 
ments indicate that guanine, in contrast to adenine, causes an increase in 
the time necessary for development. When adenine and guanine are com- 
bined, the time of development is short, about the same as for adenine alone, 
but a much higher percentage of larvae pupate and hatch. Guanine seems 
to have some function in regulating the growth-stimulating action of ade- 
nine. Schultz et al. mentioned in their abstract (7) that desoxyribonucleic 
acid inhibits the growth of larvae. Our results, with a desoxyribonucleic 
acid prepared from ealf thymus by the Mirsky and Pollister (11) method, 
corroborate this. Larvae raised on a medium containing 0.3 mg. of desoxy- 
ribonucleic acid per ml. of medium (Table III) lived for a long time (up 
to 28 days), but grew only very slowly, never attained normal size, and died 
without pupating. The possibility remains that this is due to some im- 
purity present in the desoxyribonucleic acid preparation. 

These experiments suggest that the Drosophila larva has extensive en- 
zyme systems for converting one type of substance into another. In the 
experiments with a sugarless medium, the larvae which survived must have 
converted amino acids or the fatty acids from lecithin into carbohydrates 
to be utilized for energy. Similarly, the larvae grown on nucleic acid-free 
media presumably synthesized the purines, pyrimidines, and ribose from 
simpler compounds and combined them with the phosphate present in the 
medium to make nucleic acid. ‘The rate of the synthesis of nucleotides is 
apparently less than enough to supply the optimal amounts for growth, 
however, since the addition of nucleotides or purines and pyrimidines 
speeded growth. 

Benzimidazole is an inhibitor of the growth-promoting action of RNA or 
adenine presumably because it is a structural analogue of the purines and 
has the same relation to them that the sulfonamides have to p-aminobenzoic 
acid. ‘The vestigial stock seems to contain some mutant gene (not neces- 
sarily the vy gene itself, of course), the biochemical expression of which is 
to enable this stock to use benzimidazole much better than wild type or 
Double Bar can. 

The appearance of the phenocopy, the alteration of the genetically 
Double Bar eves toward wild type, on the medium lacking sugar and nu- 
cleic acid may be due to the lengthening of the time of development (21 
days from egg to pupation). It has been found that low temperature or a 
specific genetic modifier of the Bar type (12) will increase the number of 
eye facets in the B or BB eye. The increased time of development upsets 
the relation between the various developmental reactions which normally 
exist in Bar larvae and results in larger eyes. This non-specific effect 
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could be produced by any factor which increases the length of development 
at the proper time, genetic modifiers, low temperature, poor culture media, 
or chemicals such as nipagen. 

There is no question that in any of these experiments the limiting factor 
was the amount of food. On those media which would support growth at 
all, as many as 80 larvae were successfully raised. ‘Twenty was the largest 
number used in any experimental tube. The flies hatching out of the lar- 
vae grown on experimental media were fertile and in many tubes a second 
generation of flies was raised. 


SUMMARY 


1. Drosophilia were raised on sterile, chemically defined media in which 
ribonucleic acid was replaced by nucleotides, purines, or pyrimidines, singly 
or in combination. 

2. Larvae grew as well on nucleotides as on ribonucleic acid. The 
growth-promoting effect of ribonucleic acid resides not in RNA as such, but 
in the purines and pyrimidines and especially adenine. Guanine seems to 
have some function in regulating the growth-stimulating action of adenine. 
Desoxyribonuclei¢c acid inhibited growth and pupation of the larvae. 

3. The “vestigial”? stock, in contrast to wild type or Double Bar, was 
able to survive in the presence of benzimidazole, a structural analogue of 
the purines, and seems to contain a mutant gene which enables it to utilize 
benzimidazole in place of the purines. 
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GLYCINE, A PRECURSOR OF 5(4)-AMINO-4(5)- 
IMIDAZOLECARBOXAMIDE 


By JOANNE MACOW RAVEL, ROBERT E. EAKIN, ann WILLIAM SHIVE 


(From the Biochemical Institute and the Department of Chemistry, The University of 
Texas, and the Clayton Foundation for Research, Austin) 


(Received for publication, September 22, 1947) 


An inhibition analysis (1) ot the effect of purines on the toxicity of sul- 
fanilamide for certain bacteria indicated that sulfanilamide prevents p- 
aminobenzoic acid from functioning as a coenzyme, or from being converted 
to a coenzyme, involved in the biosynthesis of purines. Under certain 
conditions of sulfonamide inhibition of growth of these bacteria, a precursor 
of purines might be expected to accumulate in the medium. Such appears 
to be the case in the accumulation in sulfonamide-containing medium of a 
non-acetylatable diazotizable amine (2) which has been identified (3) as 
5(4)-amino-4(5)-imidazolecarboxamide. 

In the present investigation, a study of the effects of amino acids on the 
quantity of the amine accumulating in the medium of Escherichia coli has 
been made. Only a small amount of the amine is formed in a medium 
restricted to salts and glucose together with moderate amounts of sulfadia- 
zine; however, in the presence of glycine, EF. coli produces the amine in 
proportion to the amount of available glycine. Details of the effects of 
glycine and other amino acids on the formation of 5(4)-amino-4(5)-imidaz- 
oleearboxamide by /. coli in the presence of sulfadiazine are given below. 


EXPERIMENTAL 


Materials—TVhe hydrochloride of glycinamide was prepared from chloro- 
acetamide by the method of Bergell and von Wiilfing (4); N-formylglycine 
was prepared by the action of a mixture of formic acid and acetic anhydride 
on glycine, as described by Biilmann, Jensen, and Jensen (5). 

Testing Method—An inorganic salts-glucose medium was prepared as 
follows: NasSO,1 gm., NH,Cl 1 gm., KeLHPO, 0.8 gm., MgSO,-7H,0 80 mg., 
Fe(NH,4)e(SO,4)2-6H2O 20 mg., and glucose 2 gm. were dissolved in water 
and diluted to 100 ec., steamed, and filtered. For tests, 5 ee. of this double 
strength medium were added to the test materials in 5 ec. of water; the 
tubes (20 mm. X 10 em.) were covered with a clean towel, autoclaved 10 
minutes at 15 pounds steam pressure, and inoculated. Use of short, wide 
tubes loosely stoppered or covered with a towel was found to give the maxi- 
mum yield of amine. The organism was a strain of Escherichia colt pre- 
viously described (6), and was grown in the salts-glucose medium prior to 
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being tested. After 24 hours growth, the cells were centrifuged, washed 
once with 10 cc. of 0.9 per cent sodium chloride solution, and resuspended 
in 10 ec. of the saline. The test solutions were inoculated with 0.2 ce. of 
this suspension. After incubation for 18 hours at 37°, the medium in each 
tube was assayed for non-acetylatable diazotizable amine by the method 
of Bratton and Marshall (7) after treatment with 2 per cent acetic anhy- 
dride for 30 minutes at room temperature (8, 2). Acetic anhydride (0.02 
ec.) was added to 1 ec. of the test solution, and the mixture was shaken and 
allowed to stand 30 minutes; 4 ec. of 0.2 N sulfurie acid followed by 0.5 
ec. of 0.1 per cent sodium nitrite were added, and, after 5 minutes, the ex- 
cess nitrite was destroyed by the addition of 0.5ce. of 0.5 per cent ammonium 
sulfamate. 3 minutes later, 0.5 ec. of 0.1 per cent N-1l-naphthylethvlene 
diamine dihydrochloride was added and, after 30 minutes, the color was 
read on a Klett-Summerson colorimeter with a 540 mu filter. Synthetic 
5(4)-amino-4(5)-imidazolecarboxamide (3) was used as a standard. 


Results 


In Table I, the effect ot glycine, threonine, and glutamic acid on the 
production of 5(4)-amino-4(5)-imidazolecarboxamide by Escherichia coli 
in the presence of 50 y per 10 ec. of sulfadiazine is indicated. Addition of 
glycine to the salts-glucose medium resulted in an increase of amine forma- 
tion proportional to the dosage of glycine over a large range in concentra- 
tion. Glutamic acid alone was without appreciable effect, but the presence 
of glutamic acid in the medium increased appreciably the yield of the amine 
from glycine. Over the range of concentrations of glycine giving a propor- 
tional yield of amine, approximately 35 per cent of the glycine was con- 
verted into the amine in the absence of added glutamic acid, while the yield 
approached 50 per cent of the theoretical in its presence. Other amino 
acids known to possess labile amino groups, 7.¢. leucine, isoleucine, and 
valine, gave similar results but were not as active as glutamic acid. 

As is indicated in Table I, pi-threonine was only about a tenth as active 
on a weight basis as glycine. Even after correcting for the difference in 
molecular weight and for the possibility that only L-threonine might be 
active, the threonine is less active than glycine. Glutamic acid enhanced 
the activity of threonine in formation of the amine in « manner analogous 
to its action with glycine. 

In separate tests, all other amino acids including serine were practically 
inactive in replacing glycine. ‘The hydrochloride of glvcinamide as well as 
N-formylglycine was essentially inactive in increasing production of the 
amine. 

Higher concentrations of sulfadiazine increased the amine production of 
Escherichia coli without addition of glycine or threonine; however, in the 
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presence of either of the amino acids, the higher concentrations of sulfadia- 
zine resulted in a similar increase in production of the amine. The level 
of 50 y per 10 ce. of sulfadiazine was the most satisfactory for demonstrating 


the effect of glycine. 


TABLE I 


Effect of Amino Acids on Production of 5(4)-Amino-4(6)-imidazolecarbozamide 
by Escherichia coli* 


| | Concentration of productt 
| | Without added d 
L-glutamic acid (1 mg. per 10 cc.) 
y per 10 cc. y per 10 cc. Y per 10 cc. 
Glycine 0 | 4.4 5.0 
10 10.0 12.8 
30 21.1 | 30.6 
| 50 37.8 | 43.9 
| 75 50.6 | 65.0 
| 100 61.1 | 78.9 
200 | 68.9 87.8 
pi-Threonine | 100 | 9.4 | 13.9 
300 | 31.1 | 41.7 
| 1000 | 58.9 | 83.3 


*In the presence of sulfadiazine, 50 y per 10 cc. 
+ Determined colorimetrically with synthetic 5(4)-amino-4(5) -imidazolecarboxa- 
mide (3) as a standard. 


DISCUSSION 


The conversion of glycine to uric acid has been demonstrated to occur in 
pigeons (9) and man (10). Pigeons fed glycine with the carboxyl group 
containing excess C* excrete uric acid containing relatively large concentra- 
tions of C in carbon atoms of position 4 (9). A human adult male fed 
glycine containing N™ excreted uric acid containing relatively large 
amounts of N* in the nitrogen atoms of position 7 (10). 

Similar studies with pigeons (9, 11) have indicated that the carbon atoms 
of position 6 may be derived from carbon dioxide, and the carbon atoms of 
positions 2 and 8 are derived from either the carboxy] of acetate or formate. 

In view of these results, one would suppose that glycine is probably 
utilized in a similar manner in the formation of 5(4)-amino-4(5)-imidazole- 
carboxamide. Since neither the amide nor the formyl] derivative of glycine 
was active in replacing glycine as a precursor of the amine, it appears that 
the biosynthesis involves a more complex mechanism, perhaps forming 
4-imidazolone which is carboxylated and aminated to form the amine. 
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The increased yield of amine from glycine in the presence of glutamic acid 
and to a lesser extent leucine and other amino acids indicates their involve- 
ment in the amination reactions leading to the production of the amine 
from glycine. ‘The nitrogen atoms of glutamic acid and purines have been 
reported to contain similar amounts of isotopic nitrogen after feeding am- 
monium citrate containing excess N' (12). 

The pronounced activity of threonine in the above tests indicates that 
this amino acid can be converted into glycine by Escherichia coli. The 
reported biosynthesis of threonine from glycine by yeast (13) leaves some 
doubt as to which precedes the other in the normal course of biosynthesis 
of the amino acids. 

The inactivity of serine, particularly in view of a reported mutant of 
Escherichia coli (14) which requires either glycine or serine for growth, may 
possibly arise from the inhibition of its conversion to glycine by the sulfadia- 
zine. 


SUMMARY 


Only small amounts of 5(4)-amino-4(5)-imidazolecarboxamide are pro- 
duced by Escherichia coli in an inorganic salts-glucose medium containing 
moderate amounts of sulfadiazine. Addition of glycine or threonine to 
the medium results in increased amine production proportional to the con- 
centrations of the added amino acid over a relatively large range of con- 
centrations. As glycine is somewhat more active than threonine in the 
test, it appears that this amino acid is a direct precursor of 5(4)-amino- 
4(5)-imidazolecarboxamide. 
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STREPOGENIN ACTIVITY OF DERIVATIVES 
OF GLUTAMIC ACID* 


By D. W. WOOLLEYt 
(From the Laboratories of The Rockefeller Institute for Medical Research, New York) 


(Received for publication, October 2, 1947) 


Although the structure of strepogenin is not known, some evidence indi- 
eates that this peptide-like growth factor is a derivative of glutamic acid 
(1, 2). Because the evidence on this point was suggestive rather than 
conclusive, a number of derivatives of glutamic acid have been synthesized 
and assaved for strepogenin activity in the growth test with Lactobacillus 
casei (3). Peptide derivatives involving each of the three functional 
groups of glutamic acid were investigated in an attempt to learn from 
model. compounds whether glutamic acid peptides possessed activity, 
and, if they did, what type of linkage of this amino acid was most con- 
ducive to it. A few compounds in which the substitution was on the 
amino group were found to have significant strepogenin potency. Clues 
were thus obtained to indicate something of the nature of strepogenin. 
Some of this work was influenced by the antagonistic relationship which 
existed between the toxic aspartic acid-containing peptide lycomarasmin 
and the growth factor strepogenin as described in a preliminary com- 
munication (1). 

To aid in arriving at any conclusion as to the nature of strepogenin a num- 
ber of peptides not containing glutamic acid were tested for activity. All 
of these were found to be inactive. An aspartic acid derivative identical 
with one of the active glutamic acid peptides, except that aspartic acid 
replaced the glutamic acid, was found to be inhibitory of growth, and this 
toxic action was prevented by small amounts of strepogenin concentrate. 

Because some of the desired peptides contained serine combined through 
its carboxyl group, it was necessary to use the azide method of coupling 
rather than the acid chloride procedure. In the latter, the alcoholic 
group of serine would be replaced by Cl. Although Fruton has employed 
carbobenzoxyserine for the formation of seryl peptides (4), the difficulties 
connected with carbobenzoxy compounds forced us to use p-toluenesulfony] 
(tosyl!) derivatives instead. Tosylated amino acids were readily prepared 
and could be converted in excellent yield to tosylated di- and tripeptides. 
These latter could be converted to the free peptides by reduction with 


*A summary of this work has been published (Federation Proc., 6, 424 (1947)). 
t With the technical assistance of R. A. Brown and A. Holloway. The elemen- 
tary analyses were performed by Dr. A. Elek. 
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metallic sodium and liquid ammonia according to the conditions of dy 
Vigneaud and Miller (5) or of Bovarnick (6). The principal difficulty was 
the separation of the final peptide from the sodium salts introduced during 
the reduction. With aspartic acid derivatives, this was easily done by 
formation of their barium salts, which were sparingly soluble in methanol, 
but with the glutamic acid compounds complete separation of sodium 
salts was troublesome. Nevertheless, this new modification of the methods 
of peptide synthesis has advantages in ease and safety of operation and in 
stability of the acylated derivatives, which recommend it for further use. 


CH, 
T-NH 
50, HOH,C-CH-CO-NH-NH, 
T-NH 
HOH,C-CH-COOEt HOH»C-CH-CO 
Tosyl serine Et ester NH 
| 
CH,-COOEt 
Hydraz ide 
Azide 
T—NH 
NH NH 
CH 
CO CO 
NH NH 
HOOC-CH CH; CH-COOH Et00C-CH,-CH,-CH-COOEt 


Seryl glycyl glutamic acid 


Fic. 1. Reactions in the synthesis of serylglveylglutamic acid 


Application to the formation of serylglyevlglutamic acid is illustrated by 
the reactions shown in Fig. 1. 


EXPERIMENTAL 


Sources of Compounds—Most of the known compounds used in this work 
were obtained from their originators or were prepared by published meth- 
ods. Thus, isoglutathione was kindly supplied by Dr. V. du Vigneaud and 
isoglutamine by Dr. J. S. Fruton. Diglycylglycine, trighvcylglycine, 
glycyltyrosine, tyrosylglycylglycine, leucylleucine, leucylglycylglvcine, gly- 
cylalanine, glycylleucine, leucyl-a-aminobutyric acid, and a-aminobutyryl- 
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leucine were from the collection of Dr. K. Landsteiner. Glutamyltyrosin- 
amide, glutamyltyrosylglutamic acid, prolylglutamic acid, and glycyl- 
alanylleueviglutamie acid were kindly supplied by Dr. 5. Moore and Dr. 
W. H. Stein as carbobenzoxy derivatives from the collection of Dr. M. 
Bergmann. ‘These substances were converted to the free peptides by 
catalytic hydrogenation in the usual fashion. ‘The acetyl and carbo- 
benzoxy derivatives of glutamic acid and aspartic acid which are listed in a 
section below were likewise from Dr. Bergmann’s collection. 

Alanylglveyviglutamic acid and glyevlalanylglutamic acid were made by 
coupling a-chloropropionylglyey! chloride and chloroacetylalanyl chloride 
respectively with glutamic acid, followed by treatment with concentrated 
aqueous ammonia. ‘The procedures in such syntheses are so well known as 
not to require detailed description. Analytieally pure products were 
isolated . 


Preparation of Serylglycylglutamic Acid 


(a) Tosyl-pu-serine was prepared by dis- 
solving 10.5 gm. of pL-serine in 125 ce. of 2N NaOH, heating to 70°, adding 
24 gm. of p-toluenesulfony! chloride, and shaking vigorously until a clear 
solution Was obtained. When this was cooled and acidified with concen- 
trated HCI, 15.1 gm. of tosvlserine separated.' This manner of tosylating 
amino acids, first described by Harington and Moggridge (7) for glutamic 
acid, Was found superior to methods involving acylation at room tempera- 
ture in biphasic solvents and hence was used throughout this work. The. 
tosylserine Was converted to the ethyl ester by dissolving it in absolute alco- 
hol saturated with HC] gas, allowing the solution to stand overnight at 
room temperature, and concentrating to dryness under reduced pressure. 
The process was then repeated. For preparation of the hydrazide the 
product was not purified, but was dissolved in 100 ce. of absolute alcohol, 
and the solution was treated with 8.2 ce. of hydrazine hydrate.2 The 
hydrazide began to separate almost immediately as white crystals. After 
the mixture had stood for 24 hours at room temperature, these were 
filtered off and washed. Yield 13.4 gm., m.p. 155° after softening from 
148°. The compound was insoluble in water but readilv dissolved in 


'The yield of tosylserine was considerably less than that found for tosylglycine, 
tosylaspartic acid, and tosylglutamic acid. This poor yield of the serine derivative 
was not due to the solubility of it in the reaction mixture, because extraction of the 
latter with ethyl acetate yielded only negligible amounts of material. Furthermore, 
treatment of the filtrate from the tosylserine with more tosvl chloride and alkali 
vielded no additional tosylserine. 

?It was necessary to use a large excess of hydrazine hydrate in order to obtain 
good yields. This was true of all hydrazides studied in this work. 
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dilute HCl or NaOH. It was sparingly soluble in ethanol, and could be 
recrystallized from this solvent. 


C,oH,,0.N;S. Calculated, N 15.4; found, N 15.1 


(b) Tosyl-pu-serylglycyl Hydrazide—13.4 gm. of tosylserine hydrazide 
were dissolved in 125 ec. of cold water plus 4.0 cc. of concentrated HC], 
9 ec. of acetic acid were added to the solution, and the mixture was cooled 
to 0° and treated with a solution of 5.5 gm. of NaNO» in 35 cc. of water. 
The addition was made slowly with stirring. The azide separated as a 
semisolid, and was immediately extracted with four portions of ice-cold 
ethyl acetate. The combined extracts were shaken out once with 50 cc. of 
dilute NaHCO; solution,’ and the organic phase was dried in the cold with 
MgSO, for an hour. To this dried solution of the azide a dry ether solu- 
tion of glycine ethyl ester prepared with the usual precautions from 21 gm. 
of its hydrochloride was added, and the mixture was allowed to stand at 
room temperature for 24 to 40 hours. The solution was then extracted 
with a slight excess of 1 N HC] in order to remove unchanged glycine ester, 
and the organic phase was washed once with water, dried with MgSQ, , and 
concentrated to constant weight under reduced pressure. Yield 15.8 gm. 

The crude tosylserylglycine ethyl ester was then dissolved in 100 ce. of 
absolute alcohol and converted to the hydrazide by addition of 4 ce. of 
hydrazine hydrate as described in (a) for tosylserine hydrazide. Yield 
13.7 gm., m.p. 215-216°. The substance was less soluble in ethanol than 
that described in (a) and was therefore best recrystallized by dissolving it in 
the calculated amount of 1 nN NaOH and adding the requisite quantity of 


HCl. 
CywHis0sN,8. Calculated, N 17.0; found, N 17.0 


(c) Tosylserylglycylglutamic Actd—13.2 gm. of tosylserylglycine hydra- 
zide were dissolved in 125 cc. of water, 5 cc. of concentrated HCI, and 10 ee. 
of acetic acid and converted to the azide with 4.2 gm. of NaNQOz in a 
manner similar to that described in (b). The ethv] acetate solution of the 
azide was allowed to react with diethyl glutamate (prepared from 29 gm. of 
diethyl-t-glutamate hydrochloride) in the same way as described in (0). 
The liquid ester so obtained weighed 21.4 gm. 

To prepare the free acid, this ester was dissolved in 200 cc. of methanol 
and neutralized with methanolic 1 nN NaOH. 22 cc. of aqueous 4 N NaOH 
were added, and, after half an hour at room temperature, the solution was 
acidified with a slight excess of 1 n HCl. The mixture was concentrated 
under reduced pressure to about 30 ec., at which point an oil had begun to 


8’ Since the azide contained the acidic sulfonamide group, sufficient Nal1CQ; to 
extract the compound as the salt was not used. 
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separate. ‘This was dissolved by adding 50 ec. of water, and the solution 
was extracted six times with 100 ec. portions of ethyl acetate. The ex- 
tracts were dried with MgSO, and the solvent was evaporated under re- 
duced pressure. A hygroscopic solid weighing 12.3 gm. was thus obtained 
which was best recrystallized by dissolving in a few cc. of chloroform and 
adding dry ether. From ethyl acetate-ether or alcohol-ether somewhat 
sticky products resulted. 


C17Hg,0,N;38. Calculated, N 9.4; found, N 9.6 


Analysis of the product was difficult because it was quite hygroscopic. It 
was undoubtedly a mixture of two diastereomers since racemic serine and 
t-glutamie acid had been used in its preparation. 

(d) Serylglycylglutamic Acid—5.9 gm. of tosylserylglycylglutamic acid 
were placed in a 300 cc. 3-necked round bottom flask equipped with a 
mechanical stirrer and a soda lime guard tube. This flask was immersed in 
an alcohol and solid CO, bath and 100 cc. of liquid ammonia were added 
through a long, wide glass tube placed in the third neck of the flask. Stir- 
ring was begun, and when solution was complete, 3.0 gm. of metallic sodium 
cut in small pieces were added slowly. Stirring was continued for 4 
hours, and then 6.5 gm. of ammonium chloride were added. The motor 
was stopped when all the blue color had been discharged, the cooling bath 
was removed, and the NH; was allowed to distil off. The flask and its con- 
tents were then placed in a vacuum desiccator over concentrated sulfuric 
acid overnight. The reaction product was then dissolved in 100 cc. of 
0.2 n HoSO, (final pH 3.0 to 4.0) and the thiocresol removed by four ex- 
tractions with ether. The aqueous phase was freed of NHs by adding 
Ba(OH)» solution to it until it was just pink to phenolphthalein. It was 
then concentrated under reduced pressure at low temperature, and as the 
PH fell more Ba(OH). was added to maintain the mixture constantly pink 
to phenolphthalein. The solution was freed of barium with H2SO, exactly. 
The pH was adjusted to 4.0 with NaOH, the BaSO, was removed by filtra- 
tion, and the resulting solution was evaporated under reduced pressure to a 
syrup. The peptide was precipitated together with some NaCl by addition 
of 200 ec. of absolute alcohol. This precipitate was separated, dried, and 
dissolved in water, and chloride ion was removed with silver acetate and 
silver with HS. The resulting filtrate was adjusted to pH 4.0 with HI 
and evaporated under reduced pressure to a syrup from which the peptide 
was precipitated with 200 ec. of absolute alcohol. ‘The material thus 
obtained, when dried, weighed 2 gm. and consisted of serylglycylglutamic 
acid contaminated with some ash. In order to prepare the pure peptide, 
this substance (600 mg.) was suspended in absolute alcohol (30 ec.) and 
concentrated HI (1.0 ec.). After a few minutes the peptide had dissolved 
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as the hydroiodide and could be separated from insoluble impurities. — [t 
was then precipitated by adjusting the alcoholic solution to pH 4.0 with 
concentrated NH,OH. The product thus obtained was dried and extracted 
with glacial acetic acid. When this extract was poured into 10 volumes of 
absolute alcohol, pure serylglycylglutamic acid was precipitated. 


CyoH;7O7N; . Caleulated, N 14.4; found, N 14.6 


Several attempts were made to work up the reduction product by con- 
centrating the aqueous solution (after ether extraction of thiocresol) to 
dryness, followed by extraction with alcohol plus HCl. The peptide wags 
then precipitated from the solution so obtained by adjusting to pH 4 with 
ammonia or pyridine. The yields by this method never exceeded 40 per 
cent and the product was never secured free of ash. 

Bioassay of the crude reaction mixture in comparison with the pure 
peptide showed that the reduction to serylglycylglutamic acid was prac- 
tically quantitative. The low vield must, therefore, have been due to 
losses during purification. 

Glycylserylglutamic Acid—The stages in the synthesis were the same as 
those described for serylglycylglutamic acid except that tosylglycine was 
the starting material. Tosylglycine hydrazide melted at 160° and con- 
tained 17.3 per cent N (theory, 17.3). Tosylglycyl-pL-serine hydrazide 
melted at 180° and contained 16.1 per cent N (theory for CyH sOsN.5 - H,0, 
16.1). Tosylglycylserylglutamic acid, hygroscopic crystals from chloro- 
form and ether, contained 9.3 per cent N (theory, 9.4) , but it was probably 
a diastereomeric mixture as was the isomer described above. 

Serylglycylaspartic Acid—Tosylserylglycine hydrazide was converted to 
the azide and coupled with diethyl L-aspartate in a fashion similar to that 
used for the glutamic acid compound. After hydrolysis of the ester, the 
vield of free acid melting at 100-105° was 94 per cent and was found to 
contain 9.4 per cent N (theory, 9.7). After reduction with sodium and 
liquid ammonia, the reaction mixture was dissolved in hydrochloric acid 
at pH 4 and thiocresol was removed with ether. The aqueous solution was 
then brought to pH 8 with methanolic barium hydroxide, and enough 
methanol was added to give a final concentration of 80 per cent. After 
the mixture had stood in the cold, the insoluble barium salt was filtered off, 
washed with methanol, dissolved in water, and freed of barium exactly with 
sulfuric acid. Chloride was removed from the resulting solution with excess 
silver acetate and silver was taken out as the sulfide. The resulting filtrate 
was concentrated under reduced pressure to a small volume and treated 
with alcohol. Serylglycylaspartic acid was thus obtained in 45 per cent 
yield based on the weight of its tosyl derivative. 


C,H,;0;N;. Calculated, N 15.2; found, N 14.9 
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Method of Biological Assay—TVhe compounds were tested for strepogenin 
activity for Lactobacillus caset according to the method of Sprince and 
Woolley (8, 8). The basal medium was fortified with synthetic pteroyl- 
glutamic acid,* 0.01 y per cc., instead of the concentrate of folic acid. In 
addition, pyridoxamine, 0.1 y per ce., was also added to the medium. 

Each substance was tested in graded doses at concentrations of 1 mg. to 
| y per ce. of final medium, and the potency was established by comparison 
of growth responses to those elicited by the preparation of standard liver 
extract as described previously (3, 8). In this way the activity of the 
compounds after they had been autoclaved in the basal medium was 
determined. In addition, parallel assays were performed in which solutions 
of the substances sterilized by filtration were added to the basal medium 
after the latter had been autoclaved. In this way the potency of the un- 
heated substances was judged, and, as will appear shortly, this value was 
greater for some types of peptides than was that found for the heated 
samples. 

Strepogenin Aclwity of Non-Glutamic Acid Peptides—A_ considerable 
number of peptides not containing glutamic acid were assayed in the 
manner described, and none was found to possess potency. Those tested 
were alanviglycylglycine, tvrosvlglyecylglycine, acetyldehydrophenylalanyl- 
aspartic acid, carbobenzoxyasparagine, diglycylglycine, triglyevlglycine, 
glycyltvrosine, leucylleucine, leucylglvcylglycine, glycylalanine, glycyl- 
leucine, leucyl-a-aminobutyric acid, a@-aminobutyrylleucine, p-amino- 
benzoylglvcine, glvevl-p-aminobenzoic acid, servlglvceylaspartie acid, and 
asparagine. 

Strepogenin Activity of Derwatives of Glutamic Acid—Table I shows the 
relative strepogenin potency of a variety of peptides containing glutamic 
acid. Glutamine, glutathione, glutamyltvrosvlglutamiec acid, serylglyev!- 
glutamic acid, glyeylalanylglutamic acid, alanylglycylglutamic acid, 
glycylserylglutamie acid, and glyeylglutamie acid all showed some potency. 
The other derivatives were inactive. ‘The need for a free amino group 
(ef. (2, 3, 8)) was illustrated by the finding that tosylserylglyeylglutamic 
acid and chloroacetvlalanylglutamic acid were inactive, whereas the 
corresponding peptides with free amino groups possessed potency. 

Isoglutamine and isoglutathione, both derivatives involving the a- 
carboxyl group of glutamic acid, showed some activity. However, since 
it is well known that these substances may be contaminated with the iso- 
meric glutamine and glutathione respectively, it was probable that they 
owed their activity solely to these impurities. This appeared even more 
probable when it was found that the growth-promoting power they did 
possess was destroved by heat (cf. the next section). Isoglutamine and 


‘This material was kindly supplied by Dr. E. L. R. Stokstad and Dr. T. H. 
Jukes of the Lederle Laboratories Division, American Cyanamid Company. 
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isoglutathione are not destroyed by boiling their aqueous solutions, whereas 
glutamine and glutathione are. 

Differentiation of Active Compounds by Heat Stability—The data in Table 
I show that the only compounds which were not inactivated by heating in 
the basal medium were those in which the substituent was on the amino 
group of the glutamic acid, e.g. serylglyeylglutamic or alanvlglycylglutamic 
acid. Active substances such as glutamine, which bore the substituents 


TABLE I 
Relative Strepogenin Acitivity of Derivatives of Glutamic Acid 


Relative strepogenin 
potency® 
Peptide 
Before After 
heating heating 
Derivatives of Glutamine 50-200t 0 
y¥-COOH Glutathione 4- 1-3 
Derivatives of lsoglutamine l- 3 0 
a-COOH Isoglutathione l- 5 0 
Glutamyltyrosine ethyl ester 0 0 
Glutamyltyrosinamide Trace 0 
Glutamyltyrosylglutamic acid 0.8t 
Derivatives of Serylglycylglutamic acid l 1 
NH, Glycylserylgiutamic ‘ 0.4 0.4 
Alanylglycyiglutamic ‘‘ 0.3 | 0.3 
Glycylalanylglutamic ‘“ 0.3 0.3 
| Glycylalanylleucylglutamic acid 0 | 0 
Glycylglutamic acid 0.1 0.1 
Prolylglutamic ‘“ 0 0 
Acety!dehydrophenylalanylglutamic acid 0 0 
Acetylphenylalanylglutamic acid 0 0 
p-Aminobenzoylglutamic acid 0 0 


* Relative to liver standard of potency 1. 

t Dependent on dorage level, as discussed in the text. 

t Inhibitory above 300 y per cc. One glutamic acid is substituted on the 
a-carboxy! group and the other on the amino group. 


on the y-carboxyl group of glutamic acid, were inactivated wholly or in 
part by autoclaving them in the basal medium. ‘The potency of glutamine 
was destroyed completely when it was heated by itself in aqueous solution 
and then added to the sterilized basal medium, but when it was autoclaved 
in the basal medium about 1 per cent of its activity remained. For com- 
parison with these results, the potency of strepogenin present in tissue 
extracts or in tryptic digests of pure proteins was found to be unaffected 
by autoclaving in the basal medium. 

Differences in Shape of Response Curves Obtained with Glutamic Acid 
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Derivatives—Although glutamine possessed considerable strepogenin po- 
) tency for Lactobacillus caset, the shape of the dose-response curve obtained 4 
with it was quite different from that typical for strepogenin. This fact is aq 


illustrated in Fig. 2, where it can be seen that the curve with glutamine i 
_ yises more steeply and attains a maximum considerably below that found i" 
for the liver extract standard. Thus, with glutamine, maximal growth A 
cannot be achieved. In this respect, the response produced by gluta- iy 


_ thione was intermediate between the extremes presented by glutamine 
and liver extract. Because of these qualitative differences in the shape of 


the response curves, only approximate values could be established for the ; 

_ activity of glutamine and glutathione (cf. Table I). Potency obviously af 
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Fic. 2. Growth response curves of Lactobacillus casei to liver Fraction L and to 3 
glutamine. 


depended on which portion of the curves was used for comparison. In ; 
contrast to this qualitatively differing activity of derivatives of the y- | 
carboxyl group of glutamic acid, those peptides which were produced from 


glutamic acid by substitution on the amino group showed response curves 
identical in shape with those found for liver extract. Thus, with seryl- q 
i glycylglutamic acid the response curve was superimposable on the standard 4 
? curve over the range used for assay. 4 
: Inhibition of Growth Caused by Serylglycylaspartic Acid—Not only was E 
serylglycvlaspartic acid inactive, but it was antagonistic to strepogenin. 


In order to demonstrate this, the basal medium was supplemented with 
j 100 y of liver Fraction L (standard for strepogenin assays) perce. In the 
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absence of the serylglycylaspartic acid, fair growth of Lactobacillus casei 
occurred in such a medium, but when | mg. of the peptide per cc. was 
added, multiplication was reduced to two-thirds of the former value, 
When liver Fraction L was increased to 200 y per cec., servlglycvlaspartie 
acid was no longer inhibitory. 

Although inhibition of growth could be produced by servlglycylaspartie 
acid as outlined in the preceding paragraph, sufficient increase in the con- 
centration of the peptide in such a system resulted in the manifestation of 
some growth-promoting action. Thus, when 5 mg. of the peptide per ce. 
were used, good growth was obtained. A similar situation has been noted 
with antagonistic structural analogues of thyroxine (9) and of pantothenic 
acid (10, 11) in which sufficient increase in the concentration of the an- 
tagonist permitted the demonstration of hormone or vitamin = action 
rather than inhibitory behavior. 


DISCUSSION 


Some idea of the structural requirements for strepogenin activity may 
be gleaned from the data presented. In the first place, the only active 
compounds thus far encountered have contained glutamic acid. This 
observation adds to the existing evidence that strepogenin is a peptide or 
peptide-like compound containing glutamic acid. Secondly, activity 
qualitatively similar to that of strepogenin on Lactobacillus casei was 
found only in derivatives of glutamic acid in which the added substituents 
were attached to the amino group. Some potency was displayed by 
compounds formed by substitution ot the y-carboxy! group of glutamic 
acid (e.g. glutamine and glutathione), but qualitative differences in activity 
from natural strepogenin were found with these. Since such differences 
were less with glutathione than with glutamine, the possibility remains 
that in strepogenin there are substituents on the y-carboxyl group of 
glutamic acid. Nevertheless, both glutamine and glutathione had no 
strepogenin activity for hemolytic streptococcus X40 (3, 12), and gluta- 
mine likewise was ineffective in replacing strepogenin for mice (13). It 
would seem that Lactobacillus casei was a less exacting organism than 
these and that a less specific structure was required for it to respond. 

Although several peptides of glutamic acid possessed strepogenin po- 
tency, some specificity of action in relation to structure could be discerned. 
Thus, although all four tripeptides, viz. serylglyeylglutamic acid, glycyl- 
serylglutamic acid, alanylglycylglutamic acid, and glycylalanylglutamic 
acid, had some degree of activity, the mere addition of 1 more amino acid 
residue, as in glycylalanylleucylglutamic acid, rendered the compound in- 
active. More than just a glutamic acid peptide was required. 

Although synthetic peptides such as serylglveylglutamic acid had 
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strepogenin activity qualitatively the same as that of the natural growth 
factor for Lactobacillus casei, they did not approach quantitatively the 
natural substance. For example, the most active compound described in 
this paper (viz. serylglycylglutamic acid) had a potency of 1, while concen- 
trates have been prepared in this laboratory from casein and from insulin 
with a potency of 40. At best, the present compounds can only serve as 
models with which to study the nature of strepogenin. 


SUMMARY 


Tosylated amino acids have been used to prepare a number of tosylated 
peptides, and these have been reduced with sodium in liquid ammonia to 
yield the free peptides. In this way serylglycylglutamic acid, serylglycy]- 
aspartic acid, and glycylserylglutamic acid have been prepared for the 
first time. A large number of peptides have been tested for their ability to 
replace strepogenin in the growth of Lactobacillus casei. Only certain 
derivatives of glutamic acid were found active. True strepogenin potency 
was observed only in serylglycylglutamic acid, glycylserylglutamic acid, 
alanylglvevlglutamie acid, glyeylalanylglutamie acid, and glycylglutamic 
acid. Several other glutamic acid derivatives in which the amino group 
was substituted were inactive. Glutamine and glutathione had potency, 
but this could be distinguished qualitatively from that of strepogenin or of 
the foregoing synthetic peptides, and was considered not to be true strepo- 
genin activity. Servlglycylaspartic acid was antagonistic to growth 
promoted by strepogenin. These facts were discussed in relation to the 
chemical nature of strepogenin. 
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THE CHEMISTRY OF MELANIN 


Ill. MECHANISM OF THE OXIDATION OF DIHYDROXYPHENYLALANINE 
BY TYROSINASE* 


By HOWARD 8S. MASON 


(From the Office of Dermatology, Industrial Hygiene Division, Bureau of State Services, 
United States Public Health Service, Bethesda, Maryland) 


(Received for publication, May 1, 1947) 


When 3 ,4-dihydroxyphenylalanine is oxidized in the presence of phenol 
oxidases (2, 3) or by silver oxide (4), ared pigment isformed. Enzymically, 
this pigment is converted to a melanin. In the absence of enzyme, it has 
been shown that the pigment may rearrange to either 2-carboxy-5 ,6-dihy- 
droxyindole or to 5,6-dihydroxyindole (5). The structure of the red 
pigment has therefore been inferred to be either 2-carboxy-2 ,3-dihydroin- 
dole-5 ,6-quinone or the tautomeric 2-carboxy-2 ,3-dihydro-6-hydroxy- 
indole-1 ,5-quinonimine (5-7), and on this basis Raper has proposed the 
accompanying hypothesis for the enzymic conversion of 3 ,4-dihydroxy- 
phenylalanine to synthetic dopa melanin (5, 6). 

This study was undertaken to determine whether or not the postulated 
reactions beyond the formation of the red pigment do take place in the 
presence of oxygen and enzyme. The enzymic oxidation of 3,4-dihy- 
droxvphenvlalanine was followed spectrophotometrically. The process 
was observed to proceed in three chromophoric phases, the first correspond- 
ing to the formation of the red pigment, the second to an intermediate 
purple pigment, and the third to the formation of melanin. By comparison 
of the observed spectra with those of known substances, it was possible 
to show that a rearrangement of the red pigment does occur during the 
enzymic oxidation, that synthetic dihydroxyphenylalanine melanin is 
probably a polymer of indole-5 ,6-quinone, and that the inferred o-quinonoid 
formulation of the red pigment is correct. 


EXPERIMENTAL 


The technique employed for observing the spectrophotometric course 
of the enzymic oxidation of dihydroxyphenylalanine has been described 
(1). A previously described tyrosinase preparation wos used (1, ef. 8, 9). 
Silver oxide was prepared according to the directions of Helferich and 
Klein (10). 3,4-Dihvdroxypheny]-L-alanine was obtained from the Hoff- 
mann-La Roche Company. It melted at 272—278° (total immersion); 


* For Paper II in this series, see Mason (1). 
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[a]? = ~—11.7° in 1.0 n HCl (micro polarimeter tube). Buffers were 
prepared by adding 0.1 N NaOH to 50 ml. of 0.1 m KH,PO, and diluting 
the mixture to 100 ml. All the experiments were conducted at tempera- 
tures of 25-28°. 


Enzymic Formation of Melanin (Raper) 


HO CH; O CH, 
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2-Carboxy-5 ,6-dimethoxyindole was synthesized from 6-nitrohomovera- 
trole by the procedure of Oxford and Raper (11). The product crystal- 
lized from acetone-benzene in tablets which melted at 208°. It has been 
reported to melt at 202—203° (11). The compound was further identified 
bv elementary analysis. 
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Analysis'—C,,H,,O,N. Calculated, C 59.7, H 5.02, N 6.34 
Found, ** 59.7, 5.24, 6.40 


5 ,6-Dimethoxyindole was obtained from Professor H. 5. Raper, whose 
kindness is acknowledged. The sample melted at 152-—154°. 

In this report optical density p = € ml, where / is 1.0 em. and m is the 
given concentration of the absorbing substance in moles per liter. The 
molecular extinetion coefficient € corresponds to the calculated optical 
density of a 1 m solution. 

Silver Oxide Oxidation of 3,4-Dthydroxyphenylalanine—The reaction 
between 50 mg. of silver oxide and 10 ml. of a solution buffered at pH 5.6 
and containing 0.027 mg. (1.37 X& 10-7 mole) of 3,4-dihydroxyphenyl- 
alanine per ml. was allowed to continue for periods varying from 0.5 to 
10 minutes. In these experiments the reagents were shaken together for 
the designated period and the resultant solution filtered through No. 42 
Whatman paper. Absorption spectra were then immediately measured. 
The results are depicted in Fig. 1, A and B. In the course of the reaction, 
the absorption maximum of 3 ,4-dihydroxyphenylalanine at 280 my was 
replaced by maxima at 305 and 475 mz. ‘The intensities of these maxima 
increased as the reaction period was increased to 3 to 4 minutes, then 
gradually decreased. Absorption spectra of substances intermediate 
between 3 ,4-dihydroxyphenyvlalanine and the red pigment did not become 
evident. The solvent buffer alone was shaken with silver oxide in the 
proportions described for 5 minutes. No change in the absorption spec- 
trum was observed. 

Rearrangement of Red Pigment-~-Yo determine the spectrochemical 
characteristics of the substances formed when the pigment rearranges, 
solutions were prepared by shaking together the reagents described above 
for 3 minutes, then filtering. Dissolved oxygen was rapidly removed by 
repeatedly exhausting the reaction vessel at an oil pump. After the solu- 
tion had stood overnight, all color was discharged, although a small amount 
of black solid separated. This was removed on No. 42 Whatman paper 
and discarded. In the absorption spectrum of the filtered solution were 
found sharply defined maxima at 275 and 298 mu, as are depicted in Fig. 
2, A, Curve 2. 

The red pigment was also observed to decolorize in the presence of acid. 
[ta solution, prepared by the silver oxide reaction at pH 5.6, was adjusted 
to pH 1.3 with hydrochloric acid, decolorization was complete in 20 minutes. 
At pH 1.6 this process took 40 minutes and at pH 2.0 approximately 60 
minutes. The absorption spectrum of the product formed at these pH 


‘'] am indebted to Charles Kinser, National Institute of Health, for this micro- 
chemical analysis. 
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levels displayed a strong maximum at 310 mu (Fig. 2, A, Curve 3) which 
did not shift upon neutralization to pH 5.6. Solutions of the acid rear. 
rangement product were also adjusted to pH 3.5 and 5.6 and allowed to 
stand 24 hours in the absence of oxygen. Small amounts of black pigment 
separated and were removed. The filtered solutions possessed the same 


1.2 5 
Ad 
4 
A \ 
BE | 7 
7 / \ = 
\ / \ oN 
\ 


WAVELENGTH 


Fic. 1. The spectrophotometric course of the reaction between silver oxide and 
3,4-dihydroxyphenylalanine. A, Curve 1 represents the spectrum of the original 
3,4-dihydroxyphenylalanine solution, Curve 2 after 0.5 minute of reaction, Curve 
3, 1 minute, Curve 4, 2 minutes, Curve 5, 3 and 4 minutes, Curve 6, 10 minutes, and 
Curve 7, 5 minutes of reaction between silver oxide and buffer alone. #&, Curve 1 
represents the spectrum observed after 0.5 minute of reaction, Curve 2, | minute, 
Curve 3, 2 minutes, Curve 4, 3 and 4 minutes, Curve 5, 10 minutes, and Curve 6, 5 min- 
utes of reaction between silver oxide and buffer alone. 


absorption spectrum as the freshly prepared rearrangement product, 
although the intensities of the maximum at 310 mu were lowered as much 
as one-third. 

The rearrangement product giving the absorption spectrum with maxima 
at 275 and 298 my was found to be readily oxidized either by silver oxide 
or in the presence of tyrosinase and oxygen. In order to obtain the absorp- 
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tion spectrum of an intermediate product of oxidation, it proved necessary 
to conduct the reaction in the presence of a limited amount of enzyme, 
6.5 units in 0.1 ml. added to 3.0 ml. of solution. This reaction was carried 
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Fic. 2. Absorption spectra of intermediate oxidation products of 3,4-dihydroxy- 
phenylalanine. A, Curve 1 represents the optimal spectrum obtained during the 
silver oxide-3,4-dihydroxyphenylalanine reaction, Curve 2 that observed 24 hours 
later, oxygen excluded, and Curve 3 that observed 20 minutes after the red pigment 
solution was brought to pH 1.3. B, Curve 1 represents the spectrum observed after 
150 minutes of reaction between 3,4-dihydroxyphenylalanine and tyrosinase, Curve 
2 that after 20 minutes of reaction between 5,6-dihydroxyindole (prepared stepwise 
from 3,4-dihydroxyphenylalanine) and tyrosinase at pH 5.6, and Curve 3 after 15 
minutes reaction between the same reagents at pH 6.8. 


out at pH 5.6 and 6.8. In each case a purple color developed and maxima 
appeared in the absorption spectrum at 300 and at 540 mp. These changes 
are illustrated in Vig. 2, B, Curves 2 and 3. 

Enzymic Oxidation of 3 ,4-Dihydroxyphenylalanine—The concentration 
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of 3 ,4-dihydroxyphenylalanine solutions employed in this study was main- 
tained at 0.027 mg. per ml. To 3.0 ml. of substrate solution were added 
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Fic. 3. The spectrophotometric course of the enzymic oxidation of 3,4-dihydroxy- 
phenylalanine. The curves represent the spectra observed, A, after 10 minutes, B, 
after 25 minutes, and C, after 100 minutes of reaction at (Curve 1) pH 5.6, (Curve 
2) pH 6.8, and (Curve 3) pH 8.4. 


27 units of tyrosinase in 0.1 ml. The experiments were conducted at 
pH 5.6, 6.8, and 8.4. In Fig. 3, A, B, and C are presented the absorption 
spectra obtained after 10, 25, and 100 minutes of reaction. The rates of 
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change of density at 405 my at the three pH values were also determined 
(25°) and the results are presented in Fig. 4. The absorption spectrum 
of the pigment obtained in this manner was the same as that prepared by 
the silver oxide reaction. No variation in the position of the maxima as a 
result of differences in pH was observed. 

After some minutes of reaction general absorption became apparent 
in the spectra measured at each pH. However, at 150 minutes (in the 
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Fig. 4. The spectrophotometric course of the enzymic oxidation of 3,4-dihydroxy- 
phenylalanine. The curves represent the optical density at 305 my as a function of 
time when the reaction was conducted at (Curve 1) pH 5.6, (Curve 2) pH 6.8, and 
(Curve 3) pH 8.4. Curve 4 represents optical changes in the substrate solution at pH 
8.4 in the absence of enzyme. 


presence of tvrosinase) at pH 6.8, an intermediate phase showing maxima 
at 300 and at 540 mu developed. This is illustrated in Fig. 2, B, Curve 1. 
The absorption spectra of the reaction mixtures at each pH after 24 hours 
are depicted in Fig. 5. 

The absorption spectra of 3,4-dihydroxyphenylalanine and the red 
pigment (silver oxide preparation) at pH 5.6 have been recalculated as 
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300 400 500 
WAVELENGTH 9774 
Fic. 5. Spectral curves of synthetic 3,4-dihydroxyphenylalanine melanins. The 


curves represent the spectra observed after 24 hours of reaction between 3,4-dihy- 


droxyphenylalanine and tyrosinase at (Curve 1) pH 5.6, (Curve 2) pI1 6.8, and (Curve | 
3) pH 8.4. 
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Fic. 6. Molecular extinction coefficients of (Curve 1) 2-carboxy-2,3-dihydroin- 
dole-5,6-quinone in buffer, pH 5.6 (silver oxide preparation), (Curve 2) 5, 6-dime- 


thoxyindole in ethanol, (Curve 3) 3,4-dihydroxyphenylalanine in buffer, pH 5.6, 
and (Curve 4) 2-carboxy-5,6-dimethoxyindole in ethanol. 
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molecular extinction coefficients and are presented in Fig. 6. To these 
have been added the absorption spectra of 5,6-dimethoxyindole and 2- 
earboxy-5 ,6-dimethoxyindole in ethanol. 


DISCUSSION 


The spectral changes accompanying the transformation of tyrosine or 
3,4-dihydroxyphenylalanine into synthetic melanins have previously 
been studied by Bloch and Schaaf (12), Florence, Enselme, and Pozzi 
(13), and by Ginsburg (14). Absorption spectra characteristic of inter- 
mediate substances were not reported. 

The absorption spectrum of 3,4-dihydroxyphenylalanine has been de- 
termined by a number of investigators. The values reported are sum- 
marized in Table [. In the present study, the absorption spectrum of 


TABLE I 
Absorption Spectrum of 8,4-Dihydroryphenylalanine 


Bibliographic reference Solvent Maximum Log « 
Bloch and Schaaf (12) 0.1 Nn NaHCO,, 280.7 4.26 
pH 8.1 

Florence and Bessiéres (15) pH 1.0 282 4.09 
pH 11.6 303 4.61 
de Gouveia, Coelho, and 0.1 Nn HCl 279.8 3.41 
Schon (16) 0.1 Nn NaOH 298.3 3.60 
Abderhalden and Rossner (17) | Water | 278 3.39 
Marchlewski and Skarzynski § 0.1 N HCl | 280.8 3.42 

(18) 
Present investigation pH 5.6-6.8 | 280 3.43 


3,4-dihydroxyphenylalanine at pH 5.6 and 6.8, maximum = 280 mz, 
loge = 3.43 (Fig. 6), did not show an inherent dependence upon hydrogen 
ion concentration. In view of the relative agreement between the values 
found and those reported by de Gouveia, Abderhalden, and Marchlewski, 
the values of Bloch, Schaaf, and Henri, and Florence and Bessiéres may 
reflect autoxidative degradation of the solute and the presence of substances 
other than 3,4-dihydroxyphenylalanine in solution. Under these cir- 
cumstances, reversibility of the apparent pH effect is improbable. 


First Phase of Melanogenesis 


The theory and assumptions underlying the use of kinetic spectropho- 
tometry have been briefly discussed in another paper (19). 
In the first spectrochemical phase of the enzymic transformation of 
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3 ,4-dihydroxyphenylalanine into a synthetic melanin, a red pigment with 
absorption maxima at 305 and 475 my accumulates. The rate of forma. 
tion of this pigment increases with increasing hydroxide ion concentration 
(Fig. 4) within the limits investigated. The rate of formation has been 
shown to be dependent upon enzyme concentration ((1), and ef. (20)). The 
rate at which the pigment enters the subsequent reaction in the enzymic 
sequence leading to melanin also increases with increasing hydroxide jon | 
concentration (Fig. 3, 4, B, and C). This observation is in accord with | 
Raper’s findings (2) and suggests that at some pH lower than 5.6 (but! 
higher than 2.0; see below) the pigment may be relatively stable. The | 
first spectrochemical phase therefore arises because the red pigment forms | 
more rapidly than it is consumed in the subsequent step. The failure 
of other intermediates to accumulate has been explained by Evans and 
Raper ((3) p. 2162). 

The red pigment may exist in either of two postulated forms, 2-carboxy- 
2 ,3-dihydroindole-5 ,6-quinone (I, a) or 2-carboxy-2 ,3-dihydro-6-hydroxy- 
indole-1,5-quinonimine (I, b) (5) (21). Inferences with respect to 


O H O H | 
\OAN 
COOH | 
JN ISK 
O | H HO H 
H 
(Ta) (Ib) 


structure may be made by comparing the absorption spectrum of the 
pigment with those of substances which may be structurally related. Two 
such substances are rubreserine (II) and adrenochrome (IIT), in both of 
which a fixed 2 ,3-dilhydroindole-5 ,6-quinone nucleus exists. 


O CH; H O H 
H | H 
ON 
O | | H O | H 
CH; CH; CH; 
(11) (IIT) 


The absorption spectra of these compounds, together with those of the 
red pigment prepared by the silver oxide reaction and by the enzymic 
oxidation, and finally that of the presumably identical hallachrome (22) 
are presented in Table II. The positions of the maxima of the red pigment 
prepared by either procedure and those of rubreserine and adrenochrome 
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are almost identical. The intensities of absorption at these maxima of 
rubreserine and the red pigment are also almost identical. It is concluded 
that the observed spectrum of the pigment confirms the nuclear structure 
already proposed by Raper (5) and establishes the o-quinonoid tautomer 
as that predominating in the pH range 5.6 to 8.4. 

Hallachrome is the red pigment isolated from the sea worm Halla par- 
thenopaea by Mazza and Stolfi (22) and characterized by them as identical 
to the red intermediate pigment obtained by enzymic oxidation of 3,4- 
dihydroxyphenylalanine. However, it is now found that the reported 


TaBLeE II 
Absorption Spectra of Red Pigment and Related Compounds 
Substance Solvent Maximum Log « Maximum Log « 
my mu 
Red pigment (silver Buffer, pH 5.6 305 3.97* 475 3.54* 
oxide reaction) 
Red pigment (enzymic 305 3.97°* 475 3.57* 
reaction) 
Red pigment (enzymic 305 t 475 Tt 
reaction) 8.4 
Rubreserine (23) Water 300 3.97f 480 3.44f 
Adrenochrome (23) o 305 § 480 § 
(24) 310 § 285 § 
Hallachrome (22) Buffer, pH 5.6 539 4.21)! 


The figures in parentheses are bibliographic references. 

* Calculated on the basis of the structure proposed by Raper (5). 

t Decomposition was too rapid at these hydrogen ion concentrations to permit 
determination of optimal molecular extinction coefficients. 

t Calculated from data originally published in graphic form. 

§ Extinction coefficients not reported. 

| Recalculated from data expressed in other terms. 


absorption spectrum of hallachrome differs from that of the red pigment 
(Table I) in that it shows a maximum in the visible region at 539 mu. 


Second Phase of Melanogenesis 


The second spectrochemical phase of the enzymic transformation of 
3,4-dihydroxyphenylalanine into melanin was too elusive to be observed 
at any but pH 6.8. At this pH level the spectrum of the red pigment 
disappeared and two new maxima, at 300 and at 540 mu, developed (Fig. 
2, B, Curve 1). 

If the sequence of reactions taking place in the presence of tyrosinase 
involves the rearrangement of the red pigment, the second phase spec- 


Ith 
a- 
lon 
} 
he 
ion 
ith 
} 
ut 
he 
ms 
lre 
ind d 
a 
\- +4) 
xy- 
to 
HE 


94 CHEMISTRY OF MELANIN. III 


trum should be identical with either that of the rearrangement product 
itself or with that of a substance derived from this product. The latter 
relationship was found to obtain. The rearrangement product, prepared 
by maintaining the red pigment at pH 5.6 in the absence of oxygen, pos- 
sessed absorption maxima at 275 and 298 my with no absorption in the 
visible region (Fig. 2, A), sharply differing from the second phase spectrum, 
In similar but not identical experiments Raper (5) has shown that the 
rearrangement of the red pigment may yield 5,6-dihydroxyindole. In 
the present experiments the substance formed was identified as 5,6-di- 
hydroxyindole by the similarity of its absorption spectrim to that of 
5 ,6-dimethoxyindole (Table IIL), there being in general little difference 


TaBLeE [II 
Absorption Spectra of Rearrangement Products of Red Pigment and Related Compounds 
Substance Solvent | Maximum | Log « | Maximum | Log « 
| | | | 
5,6-Dimethoxyindole....| Ethanol | 272 | 3.68 | 296 | 3.86 
Rearrangement product : | | | | 
(pH 5.6 reaction)...... Buffer, pH5.6 | | 298 
Rearrangement product | 
Rearrangement product | | 
(pH 1.3 reaction)...... 56 310 
Rearrangement product | 
(pH 1.3 reaction after 
standing 24 hrs. at pH 
2-Carboxy-5, 6-dimeth- 


between the positions of the maxima of undissociated phenols and their 
methyl ethers (25, 26). These spectral curves are, furthermore, unlike 
those of 2-carboxy-5 ,6-dimethoxyindole (Fig. 6) and any of a variety of 
indole derivatives already reported (27-29). 

However, when solutions of 5,6-dihydroxyindole, obtained by the re- 
arrangement of 2-carboxy-2 ,3-dihydroindole-5 ,6-quinone at pH 5.6, are 
subjected to gentle oxidation in the presence of tvrosinase at either pH 
5.6 or 6.8, a new absorption spectrum develops. It is characterized by 
maxima at 300 and 540 mu (Fig. 2, B, Curves 2 and 3). The identity of 
these spectral curves with that characteristic of the second phase of ty- 
rosinase oxidation of 3,4-dihydroxyphenylalanine (Curve 1) is evident. 
Differences in intensity are due to loss of substrate during the stepwise 
preparation of 5,6-dihydroxyindole. 
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In view of the proved dehydrogenation of catechols to o-quinones in 
the presence of tyrosinase (30) and the catecholic nature of 5,6-dihydroxy- 
indole, it may be inferred that the purple pigment possessing the absorption 
spectrum with maxima at 300 and 540 mz is indole-5,6-quinone (IV) or 
its quinonimine tautomer. 
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The second spectrochemical phase then arises because the purple pigment 
forms more rapidly than it is consumed in the subsequent step. In view of 
the instability of 2-carboxy-2 ,3-dihydroindole-5 ,6-quinone, these data 
also suggest that the absorption spectrum of hallachrome (Table II) meas- 
ured by Mazza and Stolfi (22) was in fact that of indole-5,6-quinone. The 
chemical evidence in support of the structure of hallachrome which these 
investigators advanced remains, however, sufficient to establish the identity 
of hallachrome itself with 2-carboxy-2 ,3-dihydroindole-5 ,6-quinone. 

When the rearrangement of 2-carboxy-2 ,3-dihydroindole-5 ,6-quinone 
takes place in acid solutions there is formed a product, the spectral curve 
of which (Fig. 2, A, Curve 3) is closely related to that of 2-carboxy-5 ,6-di- 
methoxyindole (Fig. 6, Curve 4). The formation of 2-carboxy-5 ,6-dihy- 
droxyindole as a result of acid rearrangement is therefore indicated. This 
observation explains why reduction of a 2,3-dihydroindolequinone with 
sulfurous acid should vield a dihydroxyindole (5, 22): 


The present evidence thus indicates that the rearrangement is subject 
to both hydroxide and hydrogen ion catalysis. The former mechanism 
is shown to lead to 5,6-dihydroxyindole and the latter to 2-carboxy-5 ,6- 
dihydroxyindole. 

The identity of absorption spectra of 2-carboxy-5 ,6-dihydroxyindole 
at pH 1.3 and pH 5.6 (Table III) suggests that this substance does not 
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exist as a cation at either hydrogen ion concentration (26). The stability 
of its spectrum at pH 5.6 for 24 hours in the absence of oxygen (Table ITI), 
a condition under which the red pigment rearranges to 5,6-dihydroxy- 
indole, proves that, during the rearrangement at pH 5.6, 2-carboxy-5,6- 
dihydroxyindole is not formed first, to undergo subsequent decarboxylation 
to 5,6-dihydroxyindole. 


Third Phase of Melanogenesis 


In the third spectrochemical phase of the enzymic formation of a melanin 
from 3,4-dihydroxyphenylalanine, general absorption became apparent 
at each of the three hydrogen ion concentrations investigated (Tig. 5), 
Some specific absorption was also observed in the ultraviolet region. The 
general absorption may best be interpreted by postulating that the resonat- 
ing forms of the monomeric melanogen have coupled to produce distributed 
molecular sizes of a polymer containing one or more long systems of linear 
oscillators. Some scattering may also be present. 

A variety of melanins, both synthetic and derived, have been reported 
to display only general absorption (12, 14, 31-35). Some positive con- 
clusions have been drawn as a result of the rough similarities between the 
absorption spectra of these polymeric or high molecular weight materials 
(14, 34), but in view of the non-specificity of the absorption, the lack of 
chemical characterizations, and the colloidal nature of the absorbing sub- 
stances, and, finally, because of the presence of undefined concomitant 
materials, it does not seem possible to refer similarities or differences in 
absorption spectra to similarities or differences in the structures of the 
pigments involved. 

Several hypotheses have been advanced for the structure of the melanin 
formed by the enzymic oxidation of 3,4-dihydroxyphenylalanine. Bloch 
and Schaaf (12) suggested that the 3 ,4-quinone of phenylalanine undergoes 
intermolecular condensation with simultaneous deamination, leading to 
(V). This position is no longer tenable in view of the findings of Raper 
(5). Clemo and Weiss (36) suggest that 5,6,5’ ,6’-tetrahvdroxyindigo 
is formed from 5,6-dihydroxyindole by a non-enzymic oxidation of the 
heterocyclic ring, and that this substance, as its quinone or a molecular 
compound (VJ), is an important constituent of melanin pigments. Cohen 
(37-39) has proposed that 5,6-dihydroxvindoxy] is formed from 5,6-di- 
hydroxyindole and that melanin subsequently appears because of an in- 
doxyl-isatin type condensation (VII). However, it has now been shown 
that 5,6-dihydroxyindole is readily oxidized in the presence of tyrosinase. 
Since the most probable product, indole-5,6-quinone, is a molecule pos- 
sessing the quinone, amine, and pyrrole functions, and since there is con- 
siderable evidence establishing the reactivity of the first with the second 
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and third (40, 41), it now seems reasonable to regard indole-5 ,6-quinone 
as at least a bifunctional monomer capable of undergoing coupling with 
itself. The polymer thus arising, or its quinonoid oxidation product, 
would accordingly be synthetic dihydroxyphenylalanine melanin. 


COOH H  CH.—CH O 
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SUMMARY 


1. The enzymic oxidation of 3,4-dihydroxyphenylalanine proceeds 
in three chromophoric phases which are characterized by absorption spectra 
with maxima at (a) 305 and 475 muy, (b) 300 and 540 mu, and by (c) general 
absorption. 

2. The first chromophoric phase was found to correspond to the formation 
of 2-carboxy-2 ,3-dihydroindole-5 ,6-quinone. This tautomeric form of 
the substance was found to predominate in solution in the pH range in- 
vestigated, 5.6 to 8.4. 

3. 2-Carboxy-2 ,3-dihydroindole-5,6-quinone rearranges to 5,6-dihy- 
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droxyindole upon standing at pH 5.6 to 6.8. When 5,6-dihydroxyindole 
is enzymically oxidized, a product is obtained, the spectrum of which 
corresponds to that of the second phase of the enzymic oxidation of 3 ,4- 
dihydroxyphenylalanine. 


4. 2-Carboxy-2 ,3-dihydroindole-5 ,6-quinone rearranges to 2-carboxy- 


5 ,6-dihydroxyindole upon standing at pH 1.3 to 2.0. 


5. The spectral curves of melanins formed by the enzymic oxidation of 


3,4-dihydroxyphenylalanine at pH 5.6, 6.8, and 8.4 display general ab- 
sorption. 
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EXCRETION IN REPTILES 


ll. NITROGEN CONSTITUENTS OF THE URINARY CONCRETIONS 
OF THE OVIPAROUS SNAKE ZAMENIS DIADEMA, SCHLEGEL 


By FOUAD KHALIL 


(From the Department of Zoology, Faculty of Science, Fouad Ist eee te 
Cairo, Egypt) 


(Received for publication, September 2, 1947) 


Some of the urinary nitrogen constituents have been determined for a 
few snakes. Boussingault (1) found that 80 per cent of the excretory 
nitrogen of the boa constrictor and the python is in the form of uric acid. 
Bacon (2) claims that uric acid in the python amounts to 89 per cent of 
the total nitrogen, while 8.7 per cent is in the form of ammonia and 2.3 
per cent in the form of amino acids, creatine, and creatinine. Girod 
(3), working on Tropiwonotus natrix, found that uric acid represents 80 
per cent of the excretory nitrogen. ‘The present work was undertaken 
to secure more detailed analyses of the urinary constituents of snakes. 


Material and Methods 


Zamenis diadema excretes its urinary constituents in the form of wet 
masses or concretions. ‘There is no fluid urine. These urinary masses 
dry up quickly on exposure to the air to form brittle, greenish yellow or 
white concretions. Microscopical examination of these urinary masses 
shows that they consist mostly of amorphous granules together with minute 
globular masses showing striations radiating from the center of each globule. 
The urinary concretions employed in the present work were collected 
during a period of 1 month from fifteen animals kept in the laboratory 
under conditions as similar as possible to their natural habitat. The 
animals took their food regularly, increased in body weight, and appeared 
healthy. Urinary concretions were freed under the microscope from fecal 
and sand particles sticking to them, ground up into a fine powder, and left 
in the desiccator for 24 hours. 

The procedure adopted for the analysis was as follows: Total nitrogen 
was estimated for a certain weight of the powdered urinary deposit. An- 
other weighed portion was dissolved in warm water, left to cool, and then 
filtered on a silica filter funnel of known weight. The filtrate was diluted 
to a definite volume and specimens from this filtrate were analyzed for 
total nitrogen, urea, ammonia, uric acid (soluble urates), amino acids, 
creatinine, creatine, and allantoin. The funnel with the water-insoluble 
portion was left to dry to a constant weight in the desiccator, after which 
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the weight of the insoluble portion was estimated and the total nitrogen 
determined for a known weight of the insoluble portion. ‘The funnel with 
the remaining insoluble part was weighed and its contents dissolved in a 
1 per cent solution of lithium hydroxide. This latter solution was diluted 
to a known volume and specimens from it were analyzed for total nitrogen 
and uric acid. The funnel was left to dry to a constant weight in the 
desiccator and then weighed. Hippuric acid was also determined on a 
known weight of the original powdered deposit. Another weighed amount 
of this deposit was dissolved in dilute sodium carbonate solution and wag 


TaBLe I 
Nitrogen Constituents Found in 1 Gm. of Urinary Concretions of Zamenis 
diadema 
_N partition in 
Constituents Nitrogen cent of total N 
| excreted 
me. | 

“in water-soluble portion. | 98.6 31.27 

water-insoluble portion | 216.4 68.63 
Urea in water-soluble portion........ 6.4 | 2.03 
Ammonia in water-soluble portion | 13.7 | 1.35 
Uric acid ‘ | 36.8 | 11.67 
Amino acids in water- soluble portion 14.3 | 4.54 
Creatinine “ wg | 0.1 0.03 
Creatine | 0.2 | 0.06 
Uric acid in LiOH solution. . 174.5 | 55.34 

Hippuric acid in whole deposit aoe aS anes | 8.5 2.7 
Undetermined “ water-soluble portion............ | 8.59 

Undetermined “ water-insoluble portion.......... 27.2 | 8.6 


used for the estimation of the total purine bases by the Kriiger and Schmid 
method as modified by Benedict and Saiki (4). Methods of analysis are 
the same as those used in Paper I (5). Results are caleulated to 1 gm. of 
the original powdered substance. 


DISCUSSION 


The results of the analysis are shown in ‘lable J. 


Although the urinary substances are excreted as solid masses, about 31.27 . 


per cent of the total excretory nitrogenous compounds exists in a water- 
soluble form. Urea and ammonia form together only 20 per cent of that 
soluble portion. 
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Uric acid represents the major nitrogen end-product, but values obtained 
in the present work for the percentage of uric acid nitrogen to total nitrogen 
excreted are lower than those obtained by earlier workers. Moreover, 
about 17 per cent of the uric acid excreted is in the form of soluble urates. 


SUMMARY 


1. Urinary substances of Zamenis diadema are excreted as solid con- 
eretions. No fluid urine exists. 

2. About 31.3 per cent of the excretory nitrogenous compounds is water- 
soluble. 20 per cent only of the soluble portion is present as urea and am- 
monia. 

3. Uric acid amounts to 67 per cent of the total excretory nitrogen. 
About 17 per cent of the uric acid is in the form of soluble urates. 

4. Allantoin is absent. 
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EXCRETION IN REPTILES 


II. NITROGEN CONSTITUENTS OF THE URINARY CONCRETIONS 
OF THE VIVIPAROUS SNAKE ERYX THEBAICUS, REUSS 


By FOUAD KHALIL 


(From the Department of Zoology, Faculty of Science, Fouad Ist University, 
Cairo, Egypt) 


(Received for publication, September 2, 1947) 


As far as it could be ascertained, no analysis of the urinary constituents 
of any viviparous snake has been carried out. 


Material and Methods 


The urinary constituents of this animal are excreted in the form of dry 
masses or concretions. ‘They are generally white in color, but they some- 
times contain greenish yellow patches. Unlike those of Zamenis diadema 
(1) they are not brittle, but rather hard. When examined microscopically 
they were found to consist principally of club-shaped crystals together with 
rosettes and globular crystals showing radiating striations. The material 
used in the present work was collected from nine healthy animals kept in 
the laboratory. The procedure followed in the present investigation is 
the same as that of Paper IT (1). 


DISCUSSION 


The results of the analysis are shown in Table I. 

It is significant that although Fryr thebaicus is a viviparous animal the 
main nitrogen end-product is in the form of uric acid; thus the snake does 
not differ in this respect from oviparous species. ‘This finding does not 
follow the provisional generalization enunciated by Needham (2) in regard 
to nitrogen excretion in animals. But discussion of the bearing of this 
finding on Needham’s view should be postponed until the work on nitrogen 
excretion of the embryos of this animal, as well as that of other viviparous 
reptiles, is complete. 

The percentage of the water-soluble excretory nitrogen constituents is 
slightly higher than that of the oviparous snake Zamenis diadema (1), 
but about 80 per cent of that soluble portion exists in an as yet unidentified 
form. 

Moreover, all of the uric acid is excreted in the insoluble acid form; 
no soluble urates are present as is the case with Zamenis diadema (1). 
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While urea constituted about 2 per cent of the total excretory nitrogen 
in the oviparous snake Zamentis diadema (1), it is completely absent from 
the urinary concretions of this viviparous snake. 


TABLE I 
Nitrogen Constituents Found in Gm. of Urinar: ry ‘oncrettons of Eryx thebatcus 


N partition in 


Constituents Nitrogen per cent of total N 
excreted 
“in water-soluble portion............. | 107.2 | 36.46 
“water-insoluble portion ..... .. 186.2 | 63.43 
Urea in water-soluble portion.......... i cone None | None 
Ammonia in water-soluble portion. . Wier re 16.8 5.71 
Amino acids in water- soluble portion 3.2 1,09 
Uric acid in LiOH solution . 183.8 62.5 
Hippuric acid in whole deposit. 2.8 0.95 
Purine bases “ 0.9 | 0.31 
Undetermined in water-soluble portion... 85.5 29.08 
SUMMARY 


1. Urinary constituents are excreted in the form of dry solid concre- 
tions. 

2. Although Eryx thebaicus is a viviparous animal, its main excretory 
nitrogen is in form of uric acid. All the uric acid exists in the insoluble 
acid form and it amounts to 62.5 per cent of the total excretory nitrogen. 

3. About 36.5 per cent of the total excretory nitrogen exists as water- 
soluble constituents, but 80 per cent of this soluble portion exists in an 
unidentified form. 

4. Urea and allantoin are absent. 
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DECREASE OF GLYCINE AND GLUTAMINE IN SKELETAL 
MUSCLE AND OF GLUTAMINE IN LIVER IN ASCORBIC 
ACID DEFICIENCY IN THE GUINEA PIG 


By HALVOR N. CHRISTENSEN* anp ELEANOR L. LYNCH 
(From The Mary Imogene Bassett Hospital, Cooperstown, New York) 


(Received for publication, September 23, 1947) 


This communication reports an observation of the occurrence, in ascorbic 
acid deficiency in guinea pigs, of a large decrease of the glycine and gluta- 
mine of skeletal muscle and of the glutamine of the liver. While the a- 
amino nitrogen of glutamine of muscle normally was equivalent to about 
25 per cent of the non-glutamine a-amino nitrogen, and glycine nitrogen 
represented about 35 per cent of the non-glutamine a-amino nitrogen, in the 
deficiency these values fell to averages of 7 and 13 per cent respectively. 
The decrease in the glutamine of liver was of similar size. Amino acids 
other than glycine and glutamine tended to be increased in liver, in plasma, 
and especially in muscle. Guinea pigs restricted in food intake to obtain 
weight loss similar to that of deficient animals did not show significant 
changes in glycine and glutamine distribution. 


EXPERIMENTAL 


Ascorbic acid deficiency was produced by feeding male guinea pigs 
(Rockland I'arms), weighing 200 to 250 gm., the Rockland rabbit diet. 
These animals continued to gain for a week, and then, after a day or two, 
lost weight at the rate of 8 to 10 gm. per day. They were sacrificed and 
the tissues. analyzed between the 13th and 20th days of the régime. An 
animal sacrificed on the 10th day showed no obvious hemorrhage in the 
muscles and analysis gave a nearly normal amino acid distribution. The 
tissues of a 430 gm. guinea pig, showing spontaneous mild scurvy after 
maintenance for months upon guinea pig ration alone, gave analyses sim- 
ilar to the more acutely deficient animals. This animal was selected by 
chance for a preliminary trial of the experimental procedure, leading us to 
the observation reported here. 

A first group of controls included ten animals of both sexes weighing 350 
to 550 gm. ‘These also served to control other experiments to be reported. 
They were fed the Rockland guinea pig diet. ad libitum, with the addition 
of greens two or three times a week. A second group of three males were 
random selections from a group of seven uniform animals, the other four 


* Present address, 300 Longwood Avenue, Boston. 
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being included in the experimental group. These controls were fed the 
Rockland guinea pig ration, supplemented on alternate days with additional 
ascorbic acid. <A third group of male controls were fed a very low level of 
the guinea pig ration (reduced from 10 gm. per day to 3 gm. per day in 6 
days, then continued for 4 days at 3 gm. per day) fortified with additional] 
- ascorbic acid, in an attempt to simulate the weight loss of the scorbutic 

animals. Although this régime caused the death of half the animals upon 
about the 10th day after weight losses of about 20 per cent, the rate of 
weight loss after the 4th day averaged 6 gm. per day, while the scorbutie 
animals lost about 9 gm. per day. 

After a 12 hour fast, the guinea pigs were anesthetized lightly with ether, 
and blood was taken under oil by cardiac puncture and transferred to 
tubes containing heparin. The animals were killed at once by a blow on 
the head and the liver and musculature of a hind leg were removed quickly, 
freed of visible adipose tissue, clipped into small pieces, and divided into 
two portions which were weighed. The major portion of each tissue was 
quickly extracted with 10 volumes of saturated picric acid in the Waring 
blendor. The other smaller aliquot was analyzed for water content (1), 
By providing an operator for each tissue, it was possible to accomplish the 
suspension in picric acid within 5 minutes of the death of the animal. A 
delay of an additional 10 minutes did not, however, cause a measurable 
change in the a-amino nitrogen content found for muscle. ‘Tissues other 
than liver and muscle have not been examined. 

We found that picrice acid extracts of plasma or tissues gave findings for 
chloride indistinguishable from those obtained upon nitric acid extracts 
(1) or from those obtained after direct ashing. To 15 ml. aliquots of the 
picric acid extracts were added | ml. portions of 0.05 N silver nitrate, ferric 
alum solution, and | ml. of concentrated nitric acid. The resulting solu- 
tions, after being concentrated to less than 5 ml. upon a steam bath, were 
titrated in ice with 0.02 n thiocyanate solution. 0.5 ml. aliquots of plasma 
were digested directly for chloride analysis. 5 volumes of picric acid were 
added to the remainder of the plasma (2) to prepare a filtrate low in protein 
content. 

Aliquots of the picric acid extracts of tissues and plasma were treated 
with neutral lead acetate according to the method of Hamilton (2) to 
remove glutathione and ascorbie acid. The resulting solutions were ana- 
lyzed for glycine (3) and glutamine and non-glutamine a-amino nitrogen 
by the ninhydrin-CO; method (2). These filtrates yielded the same results 
for glycine in plasma as did tungstic acid filtrates, and glycine added to 
tissues was recovered well in picric acid-lead acetate filtrates. 

The extracellular and intracellular water were calculated according to 
Lowry and Hastings (1) and the intracellular amino acid concentrations 
calculated under the assumptions that all of the chloride was extracellular, 
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that the extracellular amino acid concentration was 1.05 times that of 
plasma, and that the additional free amino acids of tissues were in the cells. 
The extracellular water of the muscle of the deficient animals was as an 
average 9 per cent higher, the cellular water 17 per cent lower (upon the 
basis of fresh tissue weight) than that of normal animals, so that deter- 


TaBLe 
Effect of Ascorlic Acid Deficiency upon Distri»ution of Amino Actds between Cells 


The amino acids are expressed in mg. of a-amino nitrogen. 


and Extracellular Fluid 


are given, followed by the standard deviations. 


The mean values 


Liver Muscle 
| : Glycine Residual* 
Gluta- 
centration, glutamine | ©oncen- | Distri- glycine | Concen-} nice 
of cell | bution | Cell bution 
water | water | ratios 
me. | | meg. per me. per 
| 100 gm 100 gm. | | 100 gm. 100 gm. 
Controls (11), | 5.4 §.4{; 0.26 | 7.9 | 8.2 0.35 13.8 §.2 
350-550 gm. +1.5 | +1.7)} 40.07 | +4.5/! +0.10 | +2.9 |} +1.3 
Controls (3), 4.9 5.7 0.24 14.3 8.7 0.49 13.6 4.9 
290-330 gm. +1.3 | 41.9 +0.05 +2.8 | +2.0 +0.05 | 44.5] +1.1 
Controls (4),§ 6.7 4.4 0.17 7.4 0.29 17.3 
restricted in- | +0.6 | 40.8 | 40.01 +2.5 +0.08 | 
take, 200-220 
gm. 
Scorbutie (5), 1.8 2.2; 0.066, 4.1 4.2 0.13 | 24 9.6 
200-221 gm. | +1.5 | +0.4 | +0.027 | +2.3 ;/ 241.2; +0.05 | +4 +4.7 


*The a-amino nitrogen after glutamine has been destroyed, less the 
nitrogen. 

¢t Distribution ratio = cell concentration to extracellular concentration. 

t A group of seven animals was divided at random to make this group and a group 
including four of the scorbutic animals. 

§ Fed a low level of Rockland guinea pig food, with additional ascorbic acid, to 


simulate the weight loss of the scorbutic group. 


glycine 


mination of the water distribution was particularly desirable in these 
experiments. The results are summarized in Table I. 


DISCUSSION 


The observation that glycine contributes a large and highly variable 
portion of the amino acids of tissues of guinea pigs, and that the glycine 
levels tend to vary together in liver, plasma, and muscles, will be discussed 
in another communication. 

The known metabolic relationships between l-ascorbic acid and amino 
acids were reviewed by Mitchell (4) in 1943. ‘These include a breakdown 
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in the metabolism of phenylalanine and tyrosine in ascorbic acid deficiency, 
and, in addition, several in vitro chemical reactions between ascorbic acid 
and amino acids for which physiological counterparts have not been estab- 
lished. The work of Wohlbach and his associates (5-7) showed that 
ascorbic acid is in some way involved in collagen formation. <A restriction 
of protein synthesis might result from an inability of the scorbutic animal 
to maintain normal concentration gradients of glycine, and perhaps of 
glutamine, between plasma and tissue cells. The high glycine content of 
collagen may render synthesis of this protein particularly sensitive to the 
low glycine concentration. The ‘‘non-essentiality’’ of glycine of course 
does not mean that this amino acid is unnecessary for protein synthesis. 

That guinea pigs receiving a diet very low in ascorbic acid lose more body 
weight than paired controls fed isocalorically has been shown by Anderson 
and Smith (8) and McHenry, Reedman, and Sheppard (9), although Shep- 
pard and McHenry (10) concluded that the difference was largely due toa 
decreased retention of water by the deficient animals. McKee, Cobbey, 
and Geiman (11) recently observed a biochemical defect in gluconeogenesis 
and glycogenolysis in scorbutic guinea pigs which apparently is a result of 
an adrenal cortical! deficiency. Possibly the defect recorded here may have 
a similar origin. However, adrenalectomy in the rat apparently increases 
rather than decreases the concentration gradients of the (total) free amino 
acids between muscle and plasma, a fall occurring in the concentration in 
the plasma and a rise in the muscle (12). The excess of protein catabolism 
in adrenal cortical hyperactivity is well known. 


SUMMARY 


Seorbutic guinea pigs showed a reduction in the free glycine and gluta- 
mine content of muscle cells, and of the glutamine of liver cells much below 
that seen in normal animals or in fasted controls. Amino acids other than 
glycine and glutamine were increased in the deficient animals. 
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THE ISOLEUCINE CONTENT OF SEED GLOBULINS AND 
8-LACTOGLOBULIN 


By EMIL L. SMITH ann RICHARD D. GREENE 


(From the Department of Biochemistry, University of Utah School of Medicine, 
Salt Lake City, and the Biological Laboratories, E. R. Squibb and Sons, 
New Brunswick) 


(Received for publication, October 1, 1947) 


In a recent study of the amino acid composition of some crystalline seed 
globulins and §-lactoglobulin, the isoleucine content of these proteins was 
determined by microbiological assay (1). It has now been learned that 
the commercial sample of pL-isoleucine (Merck) which was used as a stand- 
ard in these assays contained some DL-alloisoleucine.' Since the latter com- 
pound apparently cannot replace isoleucine in supporting the growth of 
Streptococcus faecalis which was used in our assays, the values obtained 
earlier are obviously too high, and new assays have been performed with a 
sample of pi-isoleucine (Merck) which is known to be free from the allo 
compound. 

The microbiological assays were performed exactly as described earlier 
and on the same preparations of the crystalline proteins (1). When the two 
samples of isoleucine used in the previous studies were assayed against the 
new standard, average isoleucine values of 76 and 88 per cent were found. 
It is, therefore, not possible to make a blanket correction of the old assays. 
The new determinations of the isoleucine content of the proteins are given 
in Table I, together with the values obtained previously. 

Less variability in the results was encountered in these measurements 
than was found earlier; this may be simply a reflection of the use of a single 
standard. KEdestin and 8-lactoglobulin gave values which were 76 and 70 
per cent of those previously reported. The isoleucine content of the other 
proteins has now been determined to be about 85.5 per cent (average of 
82,87, 84, and 89 per cent) of the earlier estimations. Thus, the new values 
are in reasonable accord with the direct assays of the isoleucine content of 
the old standards. 

Our result of 6.1 per cent for the isoleucine content of 8-lactoglobulin is 
in excellent agreement with the 5.86 per cent obtained by Moore and Stein 
(2) using the starch chromatogram method. These results are lower than 


! We are indebted to Mr. F. A. Bacher of Merck and Company, Inc., for this infor- 
mation, and for the sample of highly purified pL-isoleucine which was used as a stand- 
ard in this investigation. According to Mr. Bacher, the purity of the purified iso- 
leucine was greater than 99 per cent, as indicated by solubility studies. 
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the 8.4 per cent reported by Brand et al. (3), and the 7.0 per cent found by 
Stokes et al. (4). 

It is probable that some of the studies of the isoleucine content of proteins 
and other biological materials which have been performed by microbiologi- 
cal assay were made with standards containing some alloisoleucine. Such 
results would give high values. Unfortunately, optically active isoleucine 
from proteins is not readily available, and there are no simple satisfactory 
tests for estimating the p.-alloisoleucine content of any particular sample 
of pi-isoleucine. Repeated recrystallization from water-ethanol mixtures 
is reported to separate isoleucine from the allo compound (5). 


TaBLe I 
Isoleucine Content of Seed Globulins and B-Lactoglobulin 


The values are averages for four separate hydrolyses and are given for the anhy- 
drous ash-free proteins. For each hydrolysate, the average of several measurements 
at different growth levels is regarded as a single determination. 


Protein Isoleucine content re 
per cent per cent 
Edestin......... | 47 46: 6.2 
Watermelon....... | : 4.7+0.1 5.7 
Cucumber....... | 4.9+0.1 5.5 
B-Lactoglobulin..... 6.1+0.1 8.7 
SUMMARY 


New analyses are reported for the isoleucine content of several crystalline 
seed globulins and 8-lactoglobulin, as determined by microbiological assay 
with Streptococcus faecalis. Farlier results were found to be too high be- 
cause the standards of pL-isoleucine which were used contained some DL- 
alloisoleucine which is inactive biologically. 
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CHANGES IN RAT LIVER ENZYME ACTIVITY WITH 
ACUTE INANITION* 


RELATION OF LOSS OF ENZYME ACTIVITY TO LIVER 
PROTEIN LOSS 


By LEON L. MILLER 
(From the Department of Biochemistry, Jefferson Medical College, Philadelphia) 


(iteceived for publication, October 8, 1947) 


The exact mechanism of the increased susceptibility to poisons of the 
liver in the protein-depleted dog, rat, and human remains obscure. A 
previous report (1) raised the question of a general loss of activity of the 
liver enzymes as being the result of protein depletion. But without a 
knowledge of the precise mode of action of such toxic agents as chloroform, 
it is not possible to focus a study on the immediate problem. However, 
the effect of protein depletion on enzyme activity in general seems funda- 
mentally important enough to warrant a study of the effect of inanition 
and the resulting liver protein depletion on a number of liver enzymes. 

Addis et al. (2) have systematically studied the tissue protein lost by the 
rat during fasting for periods up to 7 days, in which time the liver may 
lose 40 per cent of its protein. Kosterlitz (8) has extended the study to 
include and correlate changes in liver phospholipide and nucleoprotein. 
Kaplansky et al. (4) have described the decrease of deaminating, trans- 
aminating, and glycogen-forming functions in protein-depleted rats. 

This report presents data on changes in activity in rat liver enzyme with 
acute inanition induced by a 7 day fast. The enzymes studied were se- 
lected because they represent enzymes of different functional classes, 
because their intracellular distributions differ, and because their activity 
may be measured in multiple fashion without manometric techniques. 
The observed changes in catalase, alkaline phosphatase, xanthine dehydro- 
genase, and cathepsin activity parallel or exceed the loss of liver protein. 
It thus appears that the biochemically functional proteins of the liver cell 
(i.e., the enzymes) are sacrificed along with cell proteins in general. These 
findings relate to a number of important questions concerning (1) the 
metabolic relation of enzymes to recognized morphologic structures of the 
liver cell, (2) the relative stability of intracellular enzyme proteins under 
conditions of organ protein catabolism or loss, (8) the importance of dietary 
protein in maintaining not only the integrity of organ protein in general 

*Part of this report was presented at the meeting of the American Society of 
Biological Chemists at Chicago, May 22, 1947 (Federation Proc., 6, 279 (1947)). 
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but enzyme proteins in particular, and (4) the relation of dietary protein 
to the phenomenon of enzyme adaptation in higher mammals. 


Methods 


Male and female rats of Sherman strain, weighing 225 to 350 gm. and 
175 to 250 gm. respectively, were maintained on a stock synthetic diet for 
at least 10 days prior to their use. The diet contained vitamin-free casein 
(General Biochemicals, Inc.) 25 per cent, glucose, anhydrous Merck, 61 
per cent, Mazola oil 10 per cent, salt mixture U.S. P. XII (General Bio- 
chemicals, Inc.) 4 per cent, and the following vitamins! per kilo: thiamine 
10 mg., riboflavin 10 mg., pyridoxine 10 mg., calcium pantothenate 30 mg., 
niacin 25 mg., choline chloride 1 gm., menadione 4 mg., inositol 500 mg., 
vitamin A 60,000 1.U., and vitamin DD 1500 1.u. Control animals were 
allowed food until immediately before sacrifice. Fasted rats were placed 
in individual cages and allowed only water ad libitum tor 7 days. The 
rats were killed by stunning, transection of the great vessels of the neck, 
and exsanguination. The livers were rapidly removed in toto, blotted free 
of blood with filter paper, and homogenized with a volume of double dis- 
tilled water equal to 9 times the weight of the tissue used. 3 minutes 
homogenization in the Waring blendor gave stable suspensions in which 
neither intact cells nor nuclei could be detected atter staining with methylene 
blue. 

Catalase activity was measured by diluting the original homogenate to 
100 times its volume with 0.02 m phosphate buffer, pH 6.8, and using | ml. 
aliquots of the resulting 1:1000 suspension according to the method of 
von Euler and Josephson as modified by Jolles (5). The units of activity 
per gm. of liver were obtained by multiplying the unimolecular reaction 
constant (extrapolated to zero time) by 51,000. 

Alkaline phosphatase activity was measured with the 1:10 homogenate 
by the method of Bodansky (6) at 37°, pH 9.2 to 9.3, and the phosphate 
liberated was estimated by the method of Fiske and Subbarow (7). The 
units of phosphatase activity are expressed in terms of mg. of P liberated 
per gm. of liver per hour. 

Xanthine dehydrogenase activity was measured at 37° and pH 7.6 ac- 
cording to the Thunberg technique described by Figge and Strong (8), 
except that the homogenate was dialyzed against several changes of dis- 
tilled water in the refrigerator for 24 hours. Units of activity are based 
on the definition of Wieland (9), 1 unit arbitrarily decolorizing 1 ml. of 
0.001 m methylene blue in 5 minutes at 37°. 


1 We are indebted to Merck and Company, Inc., Rahway, New Jersey, for a gener- 
ous supply of vitamins. 
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Cathepsin activity was measured at 37° and pH 3.7 to 3.8 by mixing a 
1 ml. aliquot of the 1:10 homogenate with 5 ml. of dog hemoglobin dena- 
tured by the method of Anson (10). After exactly 0 and 3 hours, the re- 
action was stopped by mixing the contents with 10 ml. of 5 per cent tri- 
chloroacetic acid. ‘The resulting suspension was centrifuged and 4 ml. 
aliquots of the supernatant were analyzed in triplicate for N by the micro- 
Kjeldahl procedure. The increase in soluble N as a result of cathepsin 
activity 1s expressed in terms of mg. of hemoglobin N made soluble per 
gm. of liver in 3 hours. 

The nitrogen content of the 1:10 homogenate was determined by the 
micro-Ijeldahl procedure in triplicate on 0.5 ml. aliquots, and the N content 
thus determined is assumed as a measure of the protein content (7.e., per 
cent liver protein = per cent N X 6.25). 

The activity of all the enzymes studied is also expressed in terms of 
units per 100 gm. of body weight and in terms of units per gm. of liver 
protein. oth these methods of expression eliminate variations seen in 
the figures for ‘‘units per gm. of liver” as a result of dilution by glycogen 
or lipide. 

Expressing results in units per 100 gm. of body weight has been justified 
as being a method of comparing total activity in animals of different weight, 
and also is representative of the total enzyme activity for a given animal. 
In the fasted animals, the ‘initial body weight” is used for this computation 
because it 1s comparable to the initial weight of the liver, from which 
losses have occurred. 

The enzyme activities in terms of units per gm. of liver protein allow a 
direct comparison of the loss of enzyme activity with the loss of liver pro- 
tein in general, and immediately reveal whether enzyme protein (activity) 
is preterentially conserved, lost at the same rate, or lost in excess of organ 
protein in general. 


Results 


Table I presents a comparison of liver catalase activity in normal ted 
rats with fasted rats. In the case of liver catalase, the previously reported 
difference (11) between males and females is confirmed, and the results ob- 
tained from the males and females are tabulated separately. It is clearly 
apparent that the loss of catalase activity is more pronounced in the females 
than in the males. In the former the loss exceeds the general protein loss; 
so that the activity in units per gm. of liver protein after fasting is sig- 
nificantly less than in the fed females. In the males the loss of catalase 
activity parallels the protein loss with no significant change in activity per 
gm. of liver protein. The loss of catalase activity in both sexes is more 
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pronounced when it is expressed in terms of units per 100 gm. of initial 
body weight. 

It is also noteworthy to compare the catalase activity after fasting with 
the activity calculated on the assumptions that the enzyme protein js 
completely spared and that the enzyme protein represents an insignificantly 


TaBLe I 
Liver Catalase Activity 


| Units per 100 | | oer A 
No. of | Unit Unit ated, 
| | protein 
Females, fed 10 1740 =, 980 + 1910 8.730 + 2900 | 
a fasted 7 | 1210 | 2,510 + 930) 5,450 + 1800 12,540 
Males, fed 10 2950 10,580 + 2010 | 14,580 + 2140 
“fasted 6 | 2860 | 6,070 + 2060 12,620 + 3500 22,000 


* The data are given with calculated standard deviations from the mean. 

+ Calculation of expected mean activity on the assumptions that none of initial 
enzyme activity is lost, and that enzyme protein is an insignificantly small part 
of total protein. Calculation based on average liver protein of 668 and 713 mg. 
per 100 gm. of initial body weight in fed females and males, and 465 and 472 mg. per 
100 gm. of initial body weight in fasted females and males respectively. 


Taste II 
Liver Alkaline Phosphatase Activity 
| | Uni 10 | ee u- 
| No. of | Units per | nits per 100 Unit _ |  tated.* 
| protein 
Females, fed | 10 1.18 4.10 + 1.12 5.92 + 1.80 
fasted | 1D | 0.57 5.66 + 0.8] 8.50 
Males, fed 10 | 4.47240.47 | 6.102 0.77 
tasted 2.544 0.83 | 6.44 + 1.07 9.21 


* See foot-notes to Table I. 


small fraction of the total protein. This indicates that there has certainly 
been no preferential conservation of enzyme protein. 

Table II presents a comparison of liver alkaline phosphatase activity in 
7 day-fasted and fed animals. The results for both sexes are separated, 
but the difference between the sexes is not significant. Here the alkaline 
phosphatase activity is lost at about the same rate as the liver protein; 
so that the activity in units per gm. of liver protein remains relatively 
constant after the 7 day fast. The loss in total activity becomes apparent 
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when it is expressed in units per 100 gm. of initial body weight. This 
loss becomes amplified when the activity found in units per gm. of liver 
protein is compared with the activity calculated on the assumption that 
the enzyme protein (and activity) is spared, while the protein in general is 
lost. 

Since much of the liver alkaline phosphatase activity is associated with 
the particulate matter (‘‘large granules” of Claude) of the liver cytoplasm, 
and since the number of these particles has long been known to decrease 
with fasting, the fate of the enzymic components of these particles appears 
to be the same; viz., they are lost to the cell along with other proteins, 
phospholipide, and ribonucleic acid. 

Table III shows the striking effect of a 7 day fast on the liver xanthine 
dehydrogenase activity of both male and female rats, the changes being 
essentially the same for both sexes. Of the enzymes studied, the xanthine 


TaBLeE III 
Liver Xanthine Dehydrogenase Activity 
Units per 100 lated.* 
No. of | Uni nits per Uni ated,” 
rats) | gm. liver | initial body | iver proteins Units per 
protein 
Females, fed 10 2.0 7.0 + 2.4 10.2 + 3.3 
fasted 7 1.1 | 2.3241.2 4.7+1.7 14.7 
Males, fed 10 2.4 | 8.6+ 2.5 12.0 + 3.0 
fasted 6 | 2.2+1.1 4.9+ 1.6 18.1 


Ses foot-notes to Table 


dehydrogenase shows the greatest loss in activity, the loss being greatly 
amplified when the observed activity per gm. of liver protein is compared 
with the calculated activity, assuming that the enzyme protein is retained 
and represents an insignificant portion of the total protein. 

As Figge and Strong have pointed out (8), we have found it essential 
to dialyze the homogenates to eliminate low molecular weight metabolites, 
which with other liver enzymes may rapidly reduce methylene blue without 
added xanthine. The 24 hour dialysis in the refrigerator against several 
changes of distilled water removes most of the extraneous metabolites, 
since the methylene blue in numerous blanks was not completely reduced 
in over 3 hours time, while the addition of xanthine resulted in complete 
reduction of the methylene blue in 20 to 40 minutes with most of the livers 
from fed animals. 

Table IV shows changes in liver cathepsin activity in animals fasted 
7 days compared with fed animals. The loss of activity appears to 
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lag behind the protein loss as manifest by a small but significant increase 
in the activity in units per gm. of liver protein. This apparent increase 
is considerably less than the activity calculated on the assumptions that 
no enzyme protein (activity) is lost and that the enzyme protein represents 
a very small fraction of the total. Although it appears that the average 
liver cathepsin activity of females is higher than that of males, statistically 
there is about | chance in 4 that they mav be the same. 


TABLE IV 
Liver Cathepsin Activity 


Calcu- 


Units per 10u lated,* 
| gm liver | initial body [iver protein® units per 
| protein 
Females, fed fe | 21.0 72.14 28.6 | 106 + 33.9 | 
Males, fed | 10 | 15.9 60.24 9.3 |; 81.4 + 12.7 | 
“fasted | 21.0 43.24 6.3 | 92.04 12.4 123 


* See foot-notes to Table I. 


DISCUSSION 


Before the significance of the above data is discussed, it is necessary to 
examine the validity of the assumption that enzyme activity as measured 
is proportional to enzyme protein under the conditions of these experiments} 
and that any decrease of activity observed is a result of a net loss of enzyme 
protein per se, and not a result of a defect in prosthetic groups, or of the 
presence of an inhibitor, or loss of an activator. 

Liver catalase is an iron porphyrin protein complex and its activity is 
known to be reduced by iron or Mn deficiencies (11) over lengthy periods of 
time, presumably as a result of failure of production of the iron porphyrin 
complex. In our experiments the animals are adults and time is too short 
for a mineral deficiency ; in addition it is known that iron porphyrin produc- 
tion for the related pigment hemoglobin can proceed under conditions ol 
maximal stimulus for hemoglobin production in fasted dogs. NManthine 
dehydrogenase is a flavoprotein, and it is well recognized that prolonged 
dietary restriction of certain vitamins of the B complex (e.g. riboflavin or 
thiamine) may result in a marked decrease in the enzyme (7.c. activity) 
which contains these vitamins as an integral portion ot the prosthetic 
group or enzyme complex. Here again the time elapsed is too short for 
a vitamin deficiency; in fact measurements of changes in liver vitamins 
with 4 days partial fasting and weight loss reveal an increased concentration 
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of liver riboflavin (12). It therefore seems more likely that the loss of 
xanthine dehydrogenase activity is referable to the loss of the protein 
moiety of this enzyme. Evidence for a decrease in the protein moiety 
during prolonged riboflavin deficiency has been adduced by Axelrod and 
Elvehjem (13). 

To determine whether the 7 day fast causes the accumulation of inhibi- 
tors or loss of activators of enzyme activity, homogenates of normal liver 
and of liver from fasted rats were examined for catalase, xanthine de- 
hydrogenase, and cathepsin activity, singly, and in suitable admixtures. 
The resulting activity was equal, within experimental error, to the activity 
calculated from the contribution of each component, making the presence 
of an inhibitor or loss of an activator unlikely. 

If the parallelism between enzyme activity and enzyme protein is here 
acceptable, it at once becomes apparent that vital though the enzymes may 
be regarded their protein is readily lost from the cell. This loss occurs at 
arate which varies with the different enzymes, the loss of cathepsin being 
somewhat less than the general protein loss, that of catalase and alkaline 
phosphatase roughly paralleling or exceeding the protein loss, and that of 
xanthine dehydrogenase greatly exceeding the general protein loss. 

Since the activity of all four enzymes, each of tundamentally different 
functional type, decreases with the loss of cell protein, it appears highly 
probable that the activity of other enzymes, if measured, would be found 
similarly reduced. Potter and Klug (14) have reported decreased oc- 
tanoate oxidase and succinic dehydrogenase activity in homogenates of 
livers of rats maintained on diets containing 83 per cent fat and 87 per 
cent carbohydrate, respectively, and only 6 to 10 per cent protein. Nei- 
ther food consumption nor weight loss is described. It is conceivable that 
the decreased enzyme activity was coincident with a loss of liver protein, 
including enzyme proteins, as a result of protein depletion. The failure 
to demonstrate increased (or even normal) activity of these enzymes as an 
adaptation to the high fat and carbohydrate content of the diets is probably 
referable to the protein-deficient diet, and, in the case of the high fat diet, 
to dilution of the liver enzyme by fat (results expressed in units per mg. ot 
wet weight). 

Similarly Lightbody and Kleinman (15) have reported that arginase 
activity of liver homogenates from rats on a 6 per cent milk protein diet 
is roughly one-half that of the activity from rats on a 25 per cent milk 
protein diet, and interpret this difference as an adaptation by the liver to 
the increased need for urea formation on the high protein diet. This 
conclusion was reached in spite of data showing significantly lower liver 
arginase activity in the livers of rats on a diet containing 6 per cent milk 
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protein and 19 per cent gelatin. Because of this, and because of experi- 
ments now in progress demonstrating decreased liver arginase activity 
in livers of rats on a diet containing 6 per cent casein and 19 per cent glycine, 
it appears more likely that arginase (activity) may be reduced below normal 
along with other liver protein as a result of inadequate protein intake. It 
appears that when a diet contains an abnormally large amount of a metabo- 
lite the enzyme or enzymes involved in its disposal cannot increase in 
amount unless the diet contains protein adequate for the formation of new 
liver protein including these enzymes. 

The literature on experimental carcinogenesis contains numerous refer- 
ences to decreased enzyme activities in livers of animals with or without 
tumors (16). In many instances no reference is made to weight loss or to 
chronic protein depletion which might be anticipated from feeding un- 
palatable diets very low in protein. In these instances, reduction of 
enzyme activity and its alleged significance for the origin of, or relation 
to, the neoplastic changes observed must be reexamined, since similar 
changes may be found to be the result of simple inanition. 

The fact that the decrease in liver size with inanition is associated with 
a loss of cell eytoplasm and a decrease in the number of cytoplasmic gran- 
ules suggests the possibility that the enzymes found in the cytoplasm 
(e.g. catalase) or in the large granules (e.g. alkaline phosphatase, succinic 
dehydrogenase, cytochrome oxidase) are also decreased in amount. The 
above data firmly support this idea and lead to the hypothetical conclusion 
that with uncompensated liver cell protein catabolism enzyme proteins of 
all types may be rapidly lost. Whether this loss is the result of increased 
destruction, reduced formation, or both is not clear. If the cytoplasmic 
nucleoprotein (the ‘‘plasmagene” of Spiegelman and Kamen (17)) is in- 
volved in the intracellular synthesis of enzymes, and if this nucleoprotein 
is decreased in concentration or total amount, then the capacity tor enzyme 
synthesis may be reduced. ‘The conclusion that cell size, the number of 
mitochondria, cell protein in general, phospholipide, and ribonucleoprotein 
may decrease in roughly parallel fashion is of great interest, especially when 
taken together with our observations on the loss of enzyme activity. They 
support a concept of intracellular functional units made up of a variety of 
enzymes and associated nucleoproteim and lipoprotein. This concept 
further implies that the loss of any integral portion of the unit is associated 
with the loss of the unit as a whole. 

Undoubtedly a measurably great excess of enzyme activity is reflected 
in the great functional reserve of the liver, and the loss of function is clini- 
cally measurable only when enzyme activity falls to very low levels. In 
practice this has long been recognized for such functions as urea and fibrin- 
ogen formation. 
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SUMMARY 


1. A 7 day fast results in a loss of rat liver catalase, alkaline phospha- 
tase, xanthine dehydrogenase, and cathepsin activity, which parallels or 
exceeds the loss of liver protein. 

2. This loss of enzyme activity cannot be explained by a loss of pros- 
thetic groups or enzyme activators or by an accumulation of inhibitors, 
and probably represents a loss of enzyme protein per se. 

3. These findings bear on the relation of liver enzymes to morphologic 
structures, the metabolism of enzyme proteins during liver protein catabolic 
loss, and on the phenomenon of enzyme adaptation in higher mammals_ 
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THE BIOCHEMICAL DETERMINATION OF THIOURACILIN THE 


MUSCULAR TISSUE OF HOGS RECEIVING SUPPLEMENTARY 
THIOURACIL IN THE DIET 


By A. L. FRANKLIN, J. W. BOEHNE, 3rp, ann THOMAS H. JUKES 


(From the Lederle Laboratories Division, American Cyanamid Company, 
Pearl River, New York) 


(Received for publication, September 27, 1947) 


Within the past few years the réle of certain substances, goitrogens, 
which depress the normal function of the thyroid gland in the rat and other 
animals has been elucidated. Kennedy in 1942 (1), Astwood and 
coworkers (2), and Mackenzie and Mackenzie in 1943 (3) demonstrated 


the effects of goitrogens, specifically certain sulfonamides and a number of 


substances related to thiourea, on the thyroid gland of the rat. They 
found that these compounds resulted in hypertrophy and hyperplasia of 


the thyroid gland coincident with a state of hypothyroidism as indicated 
- by decreased food intake, decreased growth and development, and lowered 


basal metabolic rate. Thiouracil was found to be the most active com- 
pound in this respect (4) and to be the least toxic at concentrations eliciting 
comparable effects to other goitrogens. Investigations by Reineke et al. (5) 
on the rate of secretion of thyroxine by the rat demonstrated that with 
administration of thyroxine to thiouracil-treated animals the basal meta- 
bolic rate returned to normal. 

The rate of thyroxine secretion has been linked by these and other 
workers with the regulation of the rate of body growth and fattening. 
Following this assumption Kempster and Turner (6) fed thiouracil at a 
level of 0.2 per cent in the diet to chicks and noted a marked improvement 
in carcass grade after a 36 day period. Andrews and Schnetzler (7) 
corroborated these findings and, in addition, found increased fat deposition 
and a somewhat greater efficiency of feed utilization over control animals. 
Glazener and Jull (8) noted that 0.2 per cent thiouracil in the ration of 
broilers for 8 weeks depressed the growth rate and feed consumption and 
at the same time their dressed appearance was rated less desirable than 
that of controls. Miixner et al. (9) found a reduction of 25 per cent in feed 
consumed per pound of gain by young cockerels fed 0.1 per cent thiouracil 


a3 compared with contro] animals for a 4 week period. 


Work by Reineke and coworkers (10) showed little or no improvement 
in the carcass grade of turkeys fed low levels of thiouracil for 3 to 4 weeks. 
It was found, however, that the feeding efficiency, as indicated by the 
amount of feed required per unit of weight gain, was increased from 17 to 
33 per cent when thiouracil was added to the ration. 
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Experiments have also been reported on the effects of feeding thiouragi] 
to steers, sheep, and swine. Beeson et al. (11) reported a tendency for 
steers receiving 2 or 4 gm. of thiouracil daily to require less feed per pound 
of gain and to show an increased rate of growth. A similar study was con- 
ducted by Heinemann and coworkers.' Two groups of ten young heifers 
were used. The animals received a grain ration together with a small 
supplement of hay and one group received thiouracil added to the grain 
ration at a level of 0.2 per cent. After 100 days it was found that the rate 
of gain of both groups was about the same, but the group receiving thiou- 
racil required only 5.44 pounds of grain per pound of gain as compared with 
6.32 pounds for the control group. ‘The increase in efficiency of food 
utilization was 14 per cent. However, the control group consumed some- 
what more hay than that receiving thiouracil. 

In the case of sheep, Andrews ct al. (12) reported no changes in the rate 
of gain or feeding efficiency, but a definite improvement in carcass quality 
when 0.17 or 0.33 gm. of thiouracil was ingested daily. Muhrer and Hogan 
(13) fed swine a ration containing 0.2 per cent of added thiouracil. After 
28 days the experimental animals were shorter and fatter and had gained 
weight more rapidly and economically than had the controls. The average 
daily gain of the treated animals was 1.5 times that of the controls, and the 
increase in feeding efficiency, calculated as pounds of feed consumed per 
100 pounds gained, was 36 per cent in the case of the thiouracil-treated 
animals. Van der Noot etal. (14) confirmed the general findings of Muhrer 
and Hogan. They found that thiouracil-fed hogs made an average daily 
gain of 1.60 pounds, whereas control hogs gained 1.23 pounds per day. 
They showed further that hogs fed a ration containing 0.25 per cent thi- 
ouracil consumed 27.5 per cent less feed per 100 pounds of gain in body 
weight than did hogs fed a thiouracil-free ration. Similar results in feeding 
economy and gain in swine have recently been published by McMillen et al. 
(15). Chester White barrows fed thiouracil at a 0.1 per cent level in the 
ration for 41 days made 0.16 pound less daily gain than the controls, but 
required 13.8 per cent less feed per unit of gain. The only reference to 
carcass grade of thiouracil-fed swine in the literature appears in this report 
of McMillen et al. (15) who found no significant differences attributable to 
thiouracil treatment. 

The recent impetus given to investigations on the feeding efficiency 
and fattening of farm animals through the use of thiouracil has led to the 
need for a method for the determination of the compound in meat. The 
present investigation was undertaken in an attempt to develop such 4 
method. 


1 Heinemann, W. W., Singleton, H. P., Kline, E. A., Ensminger, M. E., and Cunha, 
T. J., private communication. 
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Several methods have been described for the determination of thiouracil 
in tissue. Williams ec al. (16) used a modification of the procedure of 
Nicholes and Herrin (17). The method is based on the development of a 
blue complex when Grote’s reagent is added to an alkaline protein-free 
filtrate of homogenized tissue. This general method, however, has been 
subjected to several modifications, chiefly because of the difficulty in 
obtaining reproducible results in the use of the reagent (18). Turner and 
associates? have found that the development of a pink color upon addition 
of the reagent to the muscular tissue filtrate interferes in such a way that 
the method becomes unsatisfactory. Other workers have confirmed this 
observation and have found considerable difficulty in the use of Grote’s 
reagent for the determination of thiouracil in muscular tissue.2 The 
method, however, gives satisfactory results for the measurement of thiou- 
racil in plasma and urine (18). 

Pipes and Turner (19) employed a biological method for the determina- 
tion of thiouracil in chicken tissue. Fresh tissue containing thiouracil was 
fed to rats for a period of 2 weeks, at which time the thyroids were excised 
and the hypertrophy, as measured by the thyroid gland weight, was com- 
pared with a standard reference curve of gland weights of rats fed increasing 
amounts of thiouracil added to chicken tissue. This method is not readily 
applicable to measurement of the thiouracil content of the tissues of ani- 
mals which have been fed low levels of thiouracil, because the sensitivity 
of the assay is low and only small amounts of thiouracil are found in such 
tissues. 

The recent work ot Chaikoff and associates (20, 21) on the effect of 
thiouracil on the uptake of injected radioiodine by the thyroid gland and 
its conversion to thyroxine and diiodotyrosine is the basis of the method 
described in the present investigation. In studying the radioiodine-con- 
centrating capacity of the thyroids of rats fed thiouracil, they found that 
a daily feeding of 4 mg. of thiouracil for a week reduced the uptake of 
administered radioiodine by the rat thyroid so that the glands in the 
thiouracil-treated animals accumulated only about one-third as much radio- 
iodine as those in the control rats. A corresponding depression was also 
found in the conversion of iodide to thyroxine and diiodotyrosine as repre- 
sented (22) by organically bound iodide. Thus, thyroid activity may be 
measured by the avidity of the gland for iodine or by its ability to syn- 
thesize thyroxine and diiodotyrosine. In the present study the degree of 
inhibition of thyroid activity was found to be a function of the level of 
dietary thiouracil. ‘This finding was utilized in the development of a 
method for the determination of small amounts of thiouracil in tissue. 


?Turner, C. W., and Pipes, G. W., private communication. 
* Boehne, J. W., personal observation. 


3 

. 
1] 
ir 
- 
y 
a 
Ag 
4 
+ 44 
2 
ay 

4 
wy 
| 
. 
‘ 
a 
; 


126 DETERMINATION OF THIOURACIL 


EXPERIMENTAL 


Care of Hogs and Preparation of Dried Hog Tissue—Six Chester White 
weanling hogs weighing approximately 10 kilos served as experimental 
animals. They were kept in small straw-floored pens in a large barn. 
Food and water were fed ad libitum. The animals were fed a basal ration 
of Cooperative G. L. F. Mills hog feed having the following open formula: 
wheat standard middlings, 19 per cent; yellow corn-meal, 46.5 per cent; 
finely ground, low nber oats, 10 per cent; alfalfa meal, low fiber, 5 per cent; 
41 per cent protein soy bean oil meal, 14 per cent; meat scrap, 55 per cent 
protein, 3.5 per cent; ground limestone, 1.5 per cent; and iodized salt, 0.5 
per cent. 

The animals were divided into two groups. ‘Two hogs were used as con- 
trol animals and received the basal diet throughout the experimental period 
and provided the control hog tissue used in the preparation of the rat diets. 

The other four hogs were fed a supplement of 0.2 per cent thiouracil added 


to the same basal diet for 34 days. The thiouracil supplementation was | 


then terminated. ‘Two animals were sacrificed and the tissues were treated 
as described below. The combined dried muscular tissue from these ani- 
mals is designated as Tissue A in Table I. The two remaining hogs were 
placed on the basal ration. One was sacrificed 1 day later (Tissue B), and 
the remaining hog was killed after 3 days on the basal ration (Tissue C), 

The animals were bled to death and the muscular tissue was excised. 
Superficial fat was removed as completely as possible. No internal organs 
or visceral tissue was collected. The fresh tissue was immediately ground, 
then spread evenly on galvanized metal trays which were placed in a large 
circulating hot air oven at 60° for 24 hours. The dried tissue was then 
reground and stored at 4°. 

Care and Treatment of Assay Rats—Weanling female albino rats of the 
Wistar strain served as experimental animals in the assay. They were 
housed in wire bottom cages and were fed the basal ration with supple- 
ments for 19 days as indicated in Table I and fresh water ad libitum. Three 
rats were used in each group. The use of chick mash as a diluent effected 
an even distribution of the supplement. On the 18th day all animals were 
injected intraperitoneally with 1 ml. of an isotonic saline solution containing 
a tracer dose of 0.1 microcurie of radioiodine as [I'*. The animals were 
immediately placed by groups in metabolism cages constructed so that the 
urine was collected free of feces over the ensuing 24 hour period. 

Determination of Distribution of Radioiodine—The rats were sacrificed 24 
hours after the administration of the radioactive iodine and the thyroid 
glands were excised. The glands were weighed and hydrolyzed by auto- 
claving for 1 hour in 6 ml. of 0.2N NaOH. The hydrolysates were made up 
to a volume of 10 ml. For the determination of the total iodine radio- 


él 
0 
de 
e 
I 


FRANKLIN, BOEHNE, AND JUKES 127 


activity, an aliquot of the hydrolysate was dried in a porcelain dish on a 
hot-plate and the radioactivity was measured with a thin mica window 
Geiger-Miller counting tube. The total labeled iodine obtained from the 

dular tissue was expressed as a percentage of the administered dose of 
radioiodine (Table II). A second aliquot of the hydrolysates was used for 


TABLE I 
Diets and Average Weight Changes of Rats Used in Assay for Thiouracil 
Amount and type of : Welgnt gain Weight at 
Group No. | dried per Feed consumed experimental experimental 

gm. mg. per 100 gm. gm. gm. 

1 50 (N) 0 7.5 of 100 
2 50 ‘‘ 0 7.5 47 89 
3 50 * 0.1 6.7 51 93 
4 50 ** 0.5 7.4 46 92 
5 50 ‘ 1.0 6.4 43 89 
6 50 ‘‘ 5.0 6.6 39 87 
7 50 ‘ 10 5.8 44 83 
8 50 ‘ 20 6.3 39 82 
50 50 6.7 46 91 
10 50 ‘* 100 6.6 41 81 
11 50 (A) 0 6.8 48 97 
12 40 (N), 10 (A) 0 6.3 35 81 
13 50 (B) 0 7.0 35 80 
14 40 (N), 10 (B) 0 6.4 46 90 
15 50 (C) 0 ee 91 


* All diets contained 50 gm. of chick starter mash (Pratt’s) perl100gm. The types 
of dried muscle were as follows: N, from hogs on thiouracil-free control diet; A, from 
hogs killed on day of termination of supplementation of feed with thiouracil; B, from 
hogs killed 1 day after termination of supplementation; C, from hogs killed 3 days 
after termination of supplementation. The addition of thiouracil to the diets of 
Groups 1 to 9 was made together with glucose (cerelose) to a total of 100 mg. per 
100 gm. of diet. 


the separation of organically bound radioiodine as described by Schachner 
et al. (22). 

Urine samples, representing the total urine excretion of each group of 
rats immediately following the radioiodine injection over the last 24 hours 
of the experimental period, were collected and suitable aliquots were re- 
moved for separation of organically bound radioiodine as well as for the 
determination of total iodine radioactivity. The labeled iodine found was 
expressed as a percentage of the administered dose of radioiodine (Table 
II). 
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Results 


A number of biochemical measurements were made during the course of 
the investigation. These included (a) growth and feed consumption, (b) 
increase in weight of the thyroid gland, (c) uptake of radioiodine by the 
thyroid gland, (d) binding of radioiodine in organic combination, and (e) 
urinary excretion of radioiodine. The correlation of these factors with the 


TaBLe II 
Effect of wren Thiouracil on Distribution of Injected Radiotodine in Rats 
| P tof, 
Weight of thyroid As total I* | As organic 
‘o. | added to glands 
diet tig. gland As total As or. 
_ 
| weight | weight | 
még. per meg. | 
7 0 9.9 9.8 | 12.0 | 1.23 | 8.9 0.91 57.6 | 14.8 
2 0 9.9 U.2 | | 1.298 | 92 0.82 57.6 | 14.8 
3 1 9.8 10.4 | 15.0 | 1.44 9.0 0.87 58.5 | 23.4 
4 5 9.8 10.7 oe 1.34 6.4 0.60 49.7 | 16.7 
8.7 141 73 0.75 | 50.1 | 19.7 
6 | 8 | 10.8; 12.5 8.4, 0.67 | 8.0 | 0.64 | 44.9 | 10.7 
7 100 13.0 15.3 ; 10.3 0.68 6.9 | 0.45 | 57.6 | 11.5 
8 | 20 | 4.3) 17.5 | 38} 0.22 | 3.3 | 0.19 | 62.9 | 18.4 
9 | 500 | 20.9 | 22.9 | 3.6) 0.16 2.9 | 0.138 | 29.0 | 125 
10 | 1000 | 36.3 44.8 6.3 | 0.14 | 3.0 0.07 | 43.8 | 13.0 
| t | Be) | 68 | 58.7 | 9.5 
12 t | 92] 1.1 | 10.4) 0.94 | 6.4 | 0.68 | 53.6 | 25.4 
13 ft | 80) 10.1 | 841! 0.75 46 | 0.46 | 66.2 | 15.9 
14 t BO | | 13.7; 8.4 0.88 56.4 14.4 
15 t 7.3 | 11.9 | 1.49 8.3 1.04 63.4 13.7 


+t Received dried as in Table 4 


thiouracil content of the diets of the experimental rats will now be con- 
sidered. 

It might be expected that the depression of thyroid function. in rats 
brought about by the ingestion of amounts of thiouracil from 0 up to 100 
mg. per 100 gm. of ration would be reflected in changes in average feed 
consumption or in growth as measured by weight gain over the experi- 
mental period. The data in Table I indicate that there were no correla- 
tions of this type in either case. 

A second measurement was the increment of thyroid gland weight with 


| 
| 
( 
( 
It 
ca 
sa 
| th 
ta 
sh 
10 
th 
gl: 
th 


FRANKLIN, BOEHNE, AND JUKES 129 


increasing dosage of thiouracil, which was employed by Turner and asso- 
ciates (19) as a method for determination of thiouracil. An increase in 
gland weight of slightly more than 3-fold was found, a sharp rise coming 
with levels of thiouracil greater than 10 mg. per 100 gm. of diet (Fig. 1). 
The gland weights were expressed in mg. per 100 gm. of body weight 
(Table II) and the percentage increase in gland weight over the average 
values for Groups 1 and 2 was plotted against the values for dietary thi- 
ouracil in Fig. 1. This measurement was insufficiently sensitive for the 
detection of the low levels of thiouracil present in the tissue of the hogs used 
in this investigation. 


33 


280 


OF 100 0.0 


THIOURACIL IN DIET (my %) 


PER CENT INCREASE IN THYROID GLAND WEIGHT 


Kia. 1. Effect of dietary thiouracil on the per cent change of thyroid weight 


The functional capacity of the thyroid was determined by measuring 
the ability of the gland to collect a tracer dose of radioiodine and to convert 
it to diiodot vrosine and thyroxine as shown (22) by determining the organi- 
cally bound radioiodine in the glandular hydrolysate. It was found neces- 
sary to subject the data to special treatment, for, while thiouracil depresses 
thyroid activity, the gland is simultaneously enlarged and its ability to 
take up iodine is not completely blocked. Accordingly the computations 
showed an actual increase in the per cent of the administered dose of radio- 
iodine accumulated in Group 10 (0.1 per cent thiouracil in the diet) as 
compared with Group 9 (0.05 per cent thiouracil in the diet). If, however, 
the calculations were made on the basis of uptake of radioiodine per mg. of 
gland weight per 100 gm. of body weight, plotted against the level of 


thiouracil in the diet, a more satisfactory response curve was obtained. 
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UPTAKE OF I*BY THYROID GLAND 
oO 


tl 


Fic, 2. Effect of dietary thiouracil on percentage uptake of radioiodine by the rat 
thyroid. The values for the ordinate are expressed as per cent of the administered 
dose of radioiodine which is taken up by the gland per mg. of gland weight per 100 


05 50 


gm. of body weight. 


Fic. 3. Effect of dietary thiouracil on formation of organically bound radioiodine 
by the rat thyroid. The values for the ordinate are expressed as the per cent of the 
administered dose of radioiodine which is organically bound per mg.of gland weight 
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per 100 gm. of body weight. 


The curves in Figs. 2 and 3 illustrate, respectively, the course of depression 
of radioiodine uptake and of formation of organically bound radioiodine, 


with increasing dietary thiouracil. 
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The last measurement made was the urinary excretion of radioiodine. 
It was shown (23) that when radioiodine was administered to rats an 
average of 50 per cent of the dose was found in the urine at the end of 24 
hours. Since the ingestion of thiouracil is known to interfere with the 
conversion of iodine to thyroxine and diiodotyrosine by the rat thyroid (21), 
feeding increasing amounts of thiouracil might be accompanied by the 
excretion of increasing amounts of radioiodine in the urine. No correlation 


TABLE III 


Thiouracil Content of Hog Tissues as Calculated from Total Radioiodine 
l’ptake and Organic Radioiodine Formation in Rats Fed Tissues 


Tissue A Tissue B Tissue C 


Goup 11 Group 12 Group 13 Group 14 Group 15 


Total |Organ- Total Organ-| Total Organ-| Total Organic | Total |Organic 


Uptake of I* per mg. | 1.03) 0.53) 0.94 0.68) 0.75, 0.46) 1.34 0.88) 1.49) 1.04 
thyroid gland weight 
per 100 gm. body 
weight, “% 

Thiouracil concentra- | 2.3 | 7.8 | 2.9 | 2.9 | 4.8 | 9.7 | 0.53: <0.2 |<0.1 |<0.1 
tion in rat diet from 
Figs. 2 and 3, mg. % 

Thiouracil concentra- | 1 5 8 4] 3 5 2 <0.5 |<0.05' <0.05 
tion in fresh hog tis- 


sue,t mg. % | 


| 
Average thiouracil con- 6+ 3 | 2+1 <0.05 


centration in fresh 
hog tissue, mg. ©} 


+t The fresh tissues contained the following amounts of water: Tissue A, 71.6 per 
cent; Tissue B, 74.4 per cent; Tissue C, 74.5 per cent. 


was found, however, between dietary intake of thiouracil and urinary ex- 
eretion of either total or organically bound radioiodine. 

The three measurements which were finally utilized in the bioassay of 
thiouracil were (a) thyroid size, (b>) decreased uptake of radioiodine, and 
(c) decreased formation of organic radioiodine by the thyroid. Table III 
shows the method of calculating the thiouracil content of fresh tissues of 
hogs which received thiouracil. The calculations are based on the levels 
of dried tissues fed in the diet and on the water content of the tissues. The 
final value for the thiouracil concentration in fresh hog tissue was derived 
from the data on two groups of animals in the case of Tissues A and B, from 
one group for Tissue C, and from both the total radioiodine uptake and 
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synthesis of organically bound radioiodine in each group. The final results 
are given as the average values, with the mean deviation. 


DISCUSSION 


The assay method used in the present study is not specific for thiouracil, 
but by it the total amount of goitrogenic material in the tissue can be 
measured in terms of thiouracil. Thus, any biologically active conjugated 
derivatives or breakdown products of thiouracil would be included in the 
results obtained. The use of a specific chemical method such as one based 
on the use of Grote’s reagent could possibly give results of incomplete 
biological significance because of this consideration. 

The results obtained from the measurement of the amount of radioactive 
iodine taken up by the thyroid or the per cent of the administered dose 
found in the gland as organically bound radioactive iodine indicate that this 
measurement provides a highly sensitive method for the determination of 
the thiouracil level of tissues fed to rats. However, the mean deviations 
of the values for a single tissue measured with different levels of dried tissue 
and by different functions (total or organically bound radioiodine) indicate 
that the precision of the method is low. 

The work of Cbhaikoff and his associates (23) indicates that the per cent 
of an administered dose of radioactive iodine accumulated by the thyroid 
is a function of the amount of total inorganic iodine present in the animal. 
In the present study the dietary iodine intake of the pigs in the preliminary 
thiouracil feeding period and the rats in the subsequent assay period was 
not restricted. This may account for the lower percentage uptake of 
radioactive iodine found in the present investigation than in the studies by 
Chaikoff (23). 

The suggestion has been made that the thiouracil level of tissue might be 
evaluated by measuring the growth retardation, at least in the toxic range, 
of rats fed the tissue.4 The results in Table I indicate that this is nota 
very satisfactory procedure. 

There is considerable evidence tor a rapid decrease of thiouracil in the 
body following its oral administration, presumed to result either from 
breakdown or its excretion in the urine. After the ingestion of a single 
dose of 1.0 gm. of thiouracil, Paschkis and coworkers (24) found that the 
concentration in human serum reached a maximum at 2 hours and fell to 
a low level in 24 hours. For the same dose they also observed up to 65 per 
cent excreted in the urine in the first 24 hours and an additional 10 to 15 
per cent during the second 24 hours. Determinations of thiouracil in the 
blood of fowls fed up to 0.6 per cent thiouracil, made by Pipes and ‘Turner 
(19), indicated that the highest concentrations of thiouracil in the blood 
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were reached soon after feeding. After the feed was withdrawn, thiouracil 
concentrations were found to decline, until no trace was detected after 16 
to 20 hours. Astwood (25) has recently reported on the duration of action 
of thiouracil in man. A dose of 500 mg. of thiouracil was effective for 
about 24 hours and the effect of a small dose disappeared in a few hours. 
Furthermore, when rats were fed 4 mg. of thiouracil daily for 7 days, the 
thyroid was strongly depressed, but when the thiouracil administration was 
discontinued the gland returned to its normal condition within 2 weeks (21). 

The results of this investigation indicate that withdrawal of thiouracil 
from the pig ration several days before an animal is sacrificed will reduce 
the thiouracil level of the tissue to a value of less than 0.05 mg. per 100 gm. 
In view of these considerations it does not seem probable that any deleteri- 
ous effects could be caused in man by the ingestion of meat from thiouracil- 
treated swine if the material is withdrawn from the feed of the animal sev- 
eral days before it is sacrificed. Similar experimental work is in progress 
with poultry. 


SUMMARY 


A biological method is described for the determination of thiouracil in 
tissue. The procedure is based on the depression of thyroid function by 
thiouracil as measured by radioactive iodine when administered to rats 
which have been fed with the tissues to be assayed. 

A standard response curve was obtained by adding various levels of 
thiouracil to the diet of rats and then determining the distribution of a 
tracer dose of radioactive iodine in these animals. When the dried muscu- 
lar tissue from pigs fed 0.2 per cent thiouracil for 34 days was fed to rats, the 
degree of depression of thyroid function indicated a thiouracil level of 6 + 3 
mg. per cent in the fresh tissue. The withdrawal of the thiouracil supple- 
ment from the ration of the pigs for | and 3 days reduced the thiouracil 
level in the muscular tissue to 2 + 1 and less than 0.05 mg. per cent, re- 
spectively. 


We wish to acknowledge the assistance of Miss Dorothy B. Lewis and 
Mr. V. Strveski. 
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ISOLATION AND IDENTIFICATION OF HYDROLECITHIN 
(DIPALMITYL LECITHIN) FROM BRAIN AND SPLEEN* 


By 8. J. THANNHAUSER anp NICHOLAS F. BONCODDO 


(From the Research Laboratories of the Boston Dispensary, the Joseph H. Pratt 
Diagnostic Hospital, and Tufts College Medical School, Boston) 


(Received for publication, October 6, 1947) 


Hydrolecithin (dipalmity] lecithin) has recently been isolated by Thann- 
hauser, Benotti, and Boncoddo from beef lung (1). The separation of this 
ether-insoluble phospholipide from sphingomyelin was achieved by a 
sequence of fractional extractions under control of an analytical method 
which is based on the observation that sphingomyelin is resistant to N 
sodium or potassium hydroxide at 37° in contrast to hydrolecithin which 
is saponified under these conditions (2). Finally, an ether-insoluble sub- 
stance was obtained which was completely saponifiable by N sodium hy- 
droxide at 37° and identified as dipalmity] lecithin. 

The present paper deals with the application of this procedure to the 
lipides of brain and spleen. It will be demonstrated that hydrolecithin is 
present not only in the sphingomyelin fraction of lung, but also in brain 
and spleen, and that the hydrolecithin isolated from brain and spleen is 
identical with dipalmityl lecithin. The presence of large amounts of cere- 
brosides in brain necessitated the modification of the preparative procedure 
applied for the isolation of hydrolecithin from lung. 


Preparation of Hydrolecithin from Brain 


Batches not exceeding 25 pounds of beef brain were used for each single 
preparation, since the abundance of cholesterol and cerebrosides in this 
organ caused great practical difficulties which are not encountered in other 
material such as lung and spleen. These difficulties increase when the 
isolation is undertaken on a larger scale. 

The fresh beef brains are minced, washed twice with acetone, filtered, 
and dried in a vacuum dryer at 60°. The material is then ground to a 
powder and extracted with hot acetone for 3 days in a large continuous 
extractor (3) in order to remove the bulk of the fat, cholesterol, and a part 
_ of the cerebrosides and monoaminophosphatides. The acetone extract is 
disearded despite the fact that it contains small amounts of hydrolecithin 
and sphingomyelin. The powder is continuously extracted with ether for 
3days. The crude ether extract is placed in the refrigerator and filtered 


* This study was aided by grants from the Rockefeller Foundation, the Godfrey 
H. Hyams Trust Fund, the Bingham Associates Fund, and the Charlton Fund. 
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on the next day with the aid of Hyflo filter aid (Johns-Manville). The 
filtered lipide mixture is reextracted with ether in a Soxhlet extractor for 
several days in order to complete the removal of the unsaturated mono- 
aminophosphatides, cholesterol, fat, and small amounts of ceramides. 

The residue (143 gm.) in the thimble is then taken up in about 1000 ee. 
of petroleum ether-methanol (9:1). The emulsion formed due to the pres- 
ence of the Filter-Cel and cerebrosides is broken up by the addition of 
1000 cc. of methanol. After standing overnight the precipitate, which 
consists essentially of cerebrosides and Filter-Cel, is filtered off. The 
filtrate is concentrated to a small volume of a thin syrupy consistency and 
precipitated with a large excess of acetone (1 to 2 liters). The suspension 
is placed in the refrigerator overnight. The precipitate (52 gm.) consists 
mainly of sphingomyelin, hydrolecithin, and still appreciable amounts of 
cerebrosides. This lipide mixture contains 2.4 per cent P of which 37 per 
cent is saponifiable P. (Saponifiable P represents saturated monoumino- 
phosphatides (4).) 

The material is treated with 10 volumes of glacial acetic acid (520 ee. 
for 52 gm.), which extracts the bulk of the phosphatides. On slight warming 
the major portion of the precipitate dissolves. ‘he suspension is allowed 
to stand overnight at room temperature and is then filtered. The insoluble 
residue is extracted again with 10 volumes of acetic acid in order to extract 
the retained phosphatides. The glacial acetic acid filtrates are pooled 
and concentrated to a very small volume (viscous consistency) and _pre- 
cipitated with an excess of acetone (1000 to 2000 ec.). The suspension is 
allowed to stand overnight in the refrigerator and is then filtered. The 
precipitate (Substance A, 33 gm.) contains essentially sphingomyelin, 
small amounts of hydrolecithin and cerebrosides, and traces of amino acids. 

The filtrate is concentrated to dryness under reduced pressure and dried 
over sodium hydroxide in an evacuated desiccator in order to remove the 
acetic acid as completely as possible. The residual substance is then sus- 
pended in an excess of acetone and is left overnight in the refrigerator. 
The precipitate is filtered (3.5 gm.). The analysis of this substance shows 
that 90 per cent of its total P is saponifiable P (hydrolecithin). This 
substance is recrystallized from a mixture of acetone-glacial acetic acid 
(40:1) (1 gm. of substance in 20 cc. of solution). The amount of hydrolec- 
ithin present in the ether-insoluble phospholipide fraction is approximately 
25 per cent of its sphingomyelin content. Yield of hyvdrolecithin, 4 gm. 
from 25 pounds of fresh beef brains. 

Phystcal Properties of Hydrolecithin from Brain-—The substance is 4 
white crystalline powder soluble in alcohol and glacial acetie acid, very 
slightly soluble in acetone, and insoluble in ether. The substance melts 
between 238-240°. (The mixed melting point with hvydrolecithin from 
lung gave no depression.) The iodine number is 5.65. 
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Analysis—Calculated, N 1.86, P 4.1; found, N 1.81, P 4.15 


The specific rotation was +6.25° (4 per cent solution of hydrolecithin in a 
mixture of chlorotorm-methanol, 1:1). 

Products of Alkaline Hydrolysis of Hydrolecithin. Barium Salts of Fatty 
Acids-—2.5 gm. of the substance were refluxed for 4 hours with saturated 
aqueous Ba(OH)s. After cooling, the barium soaps were filtered and 
shaken with H.O to remove soluble impurities. After filtering and drying, 
the crude barium salt of the fatty acid weighed 2.07 gm. 

Identification of Fatty Acid by Vacuum Distillation of Methyl Ester—2 
gm. of barium soaps were refluxed in a 5 per cent methanolic solution of 
H.SO, tor + hours on a water bath. The BaSO, formed was removed by 
filtration, and the methyl esters were extracted from the acid methanolic 
solution with petroleum ether. The dry weight was 1.25 gm. 

The methyl esters were distilled at a pressure of 0.0015 to 0.002 mm.., 
the substance distilling at a fairly constant temperature (94—-96°), indi- 
cating the presence of only one methyl ester. The free acid was reerystal- 
lized at —15° to a constant melting point, 61° (palmitic acid, 62°); iodine 
number 0; mol. wt. 257 (palmitic acid, 256). 

Choline —Choline, total P, and glycerophosphate were determined in 
the filtrate (150 ce.) of the alkaline hydrolysis. Choline was determined 
by the reineckate method in | cc. of the filtrate. Found, 345 mg. of cho- 
line; caleulated for 2.5 gm. of dipalmitolecithin, 403 mg. A 1 ce. aliquot 
was analyzed for total P; found, 88.65 mg. of total P; ealeulated for 2.5 
gm. of dipalmitolecithin, 103.0 mg. Both findings represent an 86 per cent 
recovery. 

Barium Glyccrophosphate-—Vhe remainder of the filtrate (145 ec.) was 
used for the isolation of glycerophosphate. After neutralization with 
acetic acid, basic lead acetate was added in slight excess. The precipitate 
was filtered and carefully washed with water. The lead salt was decom- 
posed with hydrogen sulfide. The filtrate from the lead sulfide was con- 
centrated toa small volume. A hot saturated solution of barium hydroxide 
was added until pH 9 was obtained. The barium salt was precipitated 
by the addition of 3 volumes of alcohol. 

The barium salt was analyzed for glycerol (method of Blix) and tor P 
(method of Fiske and Subbarow). 


C,H,O,PBa. Calculated. Glycerol 30, P 10 


The physical properties of the substance as well as the analvsis of the split- 
produets obtained by its alkaline hydrolysis show that hydrolecithin (di- 
palmity] lecithin) from brain is identical with dipalmity! lecithin isolated 
from jung. 
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Isolation of Hydrolecithin from Spleen 


The method employed for the isolation of hydrolecithin from the ether- 
insoluble phosphatide mixture is essentially the same as previously re- 
ported for its isolation from lung (1). 

Physical Properties of Hydrolecithin—Hydrolecithin isolated from spleen 
is a white crystalline substance soluble in alcohol and glacial acetic acid, 
very slightly soluble in acetone, and insoluble in ether. The substance 
melts between 238-240°. A mixed melting point with hydrolecithin ob- 
tained from lung and brain showed no depression of the melting point; 
iodine number 3.81. 


Analysis—Calculated, N 1.86, P 4.1; found, N 1.91, P 3.98 


Specific rotation, +6.25° (4 per cent solution of hydrolecithin in a mixture 
of chloroform-methanol, 1:1). 

The amount of hydrolecithin present in spleen is approximately 25 to 
40 per cent of its sphingomyelin content. Hydrolecithins (dipalmity] 
lecithin) isolated from spleen, brain, and lung are identical in their physical 
properties. 


DISCUSSION 


In the paper on hydrolecithin from lung it has already been pointed out 
that this substance (dipalmityl lecithin) is not identical with hydrolecithin 
prepared by hydrogenation with colloidal palladium from unsaturated 
lecithins of egg yolk (4-6) and of brain (7). It is also not identical with 
the synthetic distearyl lecithin of Griin and Limpiacher (8, 9). It seems 
to be identical with the hydrolecithin isolated by Lesuk and Anderson (10) 
from Cysticercus larvae. 

The same statements are pertinent for hydrolecithin (dipalmity! lecithin) 
from brain and spleen described in this paper, since hydrolecithin from 
these organs is identical with hydrolecithin from lung. 

The identity of the hydrolecithins isolated from different organs (brain, 
spleen, lung) contrasts with the non-identity of the sphingomyelins isolated 
from these organs, since the fatty acids of brain sphingomyelin are very 
different from those of lung and spleen sphingomyelin. 


SUMMARY 


A method of isolation of crystalline hydrolecithin from beef brain is 
described. 

The isolated saturated lecithin is dipalmityl lecithin and is identical 
with lung hydrolecithin. 

Hydrolecithin was also isolated from spleen according to the procedure 
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applied for its isolation from lung. It is identical with dipalmityl] lecithin 


_prepared from brain and lung. 


The yield of hydrolecithin in brain is approximately 4 gm. from 25 
pounds of fresh beef brain, corresponding to 25 to 40 per cent of the sphin- 
gomyelin yield. | 
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THE CHEMICAL NATURE OF THE FATTY ACIDS OF BRAIN 
AND SPLEEN SPHINGOMYELIN. THE OCCURRENCE OF 
SATURATED AND UNSATURATED SPHINGOSINES 
[IN THE SPHINGOMYELIN MOLECULE* 


By 8S. J. THANNHAUSER ann NICHOLAS F. BONCODDO 


(From the Research Laboratories of the Boston Dispensary, the Joseph H. Pratt 
Diagnostic Hospital, and Tufts College Medical School, Boston) 


(Received for publication, October 6, 1947) 


Sphingomyelin prepared with the older methods from brain and spleen 
yielded on acid hydrolysis palmitic, stearic, and lignoceric acids (1, 2). 
Merz tound that in addition to these saturated acids nervonic acid is pres- 
ent in the sphingomyelin of brain (3). 

The presence of palmitic acid in the sphingomyelin molecule of brain 
seemed questionable, since it was shown that sphingomyelin prepared by 
the usual method is a mixture of hydrolecithin (dipalmity] lecithin) and 
sphingomyelin. 

It is the purpose of this paper to describe a procedure tor the preparation 
of sphingomyelin free of hydrolecithin from brain and spleen, and to rein- 
vestigate its component fatty acids. In pure sphingomyelin of brain, 
stearic acid, lignocerie acid, and its unsaturated compound, nervonic acid, 
are present. No palmitic acid was found. Stearic acid and nervonic acid 
are present in larger quantities than is lignoceric acid. 

Sphingomyelin tree of hydrolecithin was prepared from spleen according 
to the method previously described for the isolation of pure sphingomyelin 
from lung (4). ‘The fatty acids present in the sphingomyelin of spleen are 
the same as those found in sphingomyelin of lung; namely, palmitic acid 
and lignoceric acid in about equal amounts. 

Carter and coworkers (5, 6) have shown that sphingosine present in the 
cerebroside molecule is partly saturated (hydrosphingosine) and partly 
unsaturated sphingosine. The findings of Carter prompted us to isolate 
sphingosine aiter acid hydrolysis of sphingomyelin and to investigate 
whether or not saturated sphingosine is, as in cerebrosides, also a constituent 
of the sphingomyelin molecule. 

Crystalline sphingosine sulfate was isolated from pure sphingomyelin of 
brain and spleen. In both types of sphingomyelins the isolated sphingosine 
sulfates had iodine numbers which were much lower than that calculated 
for unsaturated sphingosine sulfate. It seems therefore justified to assume 


* This study was aided by grants from the Rockefeller Foundation, the Godfrey 
H. Hyams Trust Fund, the Bingham Associates Fund, and the Charlton Fund. 
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that the sphingosine groups not only of the cerebrosides but also of the 
sphingomyelins are mixtures of hydrosphingosine and sphingosine. 


EXPERIMENTAL 
Preparation of Sphingomyclin from Brain by Alkaline Saponification 


Two batches of crude sphingomyelin from brain (16 gm. each) obtained 
from the ether-insoluble lipide fraction by fractionation with glacial acetic 
acid-acetone mixture, described in the preceding paper as Substance A (7), 
were separately suspended in a small amount of water and ground to a 
paste. ‘To each, 320 ec. of 0.25 N sodium hydroxide were added. These 
suspensions were shaken at 37° for 4 to 5 days. After acidification with 
glacial acetic acid they were both placed in the refrigerator and left there 
overnight. 

Despite the acidification, the insoluble sphingolipides were present par- 
tially in the form of an emulsion which could ot be filtered. In order to 
obtain a filtrable precipitate it was necessary to add an equal volume of 
acetone. This suspension was filtered over a thin layer of Hyflo filter aid. 

The precipitates of the two batches were washed with acetone, pooled, 
and extracted with ether in a Soxhlet apparatus for 2 to 3 days for the 
purpose of removing the fatty acids. The contents of the thimble were 
taken up in petroleum ether-methanol (9:1) and filtered. The filtrate was 
concentrated to a very small volume and the phosphatide was precipitated 
almost quantitatively with an excess of acetone. The dried precipitate 
(25.5 gm.) was dialyzed against running water for 24 hours for the purpose 
of removing inorganic material. The filtration of the dialyzed suspension 
was difficult in spite of the Hyflo filter aid. It was expedited upon addition 
of an equal volume of acetone and acidification of the suspension with dilute 
HCl. The dried precipitate containing traces of cerebrosides was taken up 
in petroleum ether-methanol (9:1) and run through a column of AJ,O; for the 
selective adsorption of cerebrosides (8). The sphingomyelin was recovered 
from the concentrated solution by precipitation with acetone (16 gm.). It 
was recrystallized from 800 cc. of hot ethyl acetate to which 8 cc. of 
methanol were added. The following results were obtained upon analysis 
of this substance, which is free of hydrolecithin: 3.28 per cent N, 3.76 per 
cent P (N:P ratio 2:1). 

Properties of Sphingomyelin from Brain—Brain sphingomyelin is a white 
crystalline substance easily soluble in benzene, soluble in warm alcohol 
and hot ethyl acetate. It is insoluble in ether and acetone. ‘The substance 
discolors at 190-195° and melts between 212-213°. [a]®* = +6.25° (4 per 
cent solution of sphingomyelin in a mixture of chloroform-methanol, 1:1); 
iodine number, 42.5. 

Products of Acid Hydrolysis of Sphingomyelin from Brain. Fatty Acids— 
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Two portions, each 6 gm., of sphingomyelin (hydrolecithin-free) were 
refluxed in separate flasks each containing 200 ec. of a solution of 10 per 
eent sulfuric acid in methanol. After cooling, the methyl esters were 
extracted several times with petroleum ether. ‘The petroleum ether frac- 
tions from both flasks were pooled, washed once with water, and concen- 
trated to dryness. Weight of the methyl esters, 5.2 gm. The methyl 
esters were taken up in 10 volumes of absolute alcohol (52 ec. for 5.2 gm.) 
and allowed to stand at room temperature for 3 hours. The resulting pre- 
cipitate, Fraction I, was filtered and dried; weight 0.65 gm. 

The mother liquor was left in the refrigerator overnight. The pre- 
cipitate, Fraction II, was filtered and dried; weight 1.4 gm. The final 
mother liquor was concentrated to a very small volume of an oil. A small 
amount of white solid material which settled out from the oil while drying 
in the desiccator was separated. ‘The oil, Fraction II], weighed 2.55 gm. 
The white material, Fraction IIIA, weighed 0.25 gm. The iodine numbers 
of the three main fractions were 8.1 (Fraction 1), 9.05 (Fraction II), 45.5 
(Fraction II]). ‘These figures indicate the presence of an unsaturated fatty 
acid, most of which appears in Fraction III. 

Main Fraction I yielded two fractions, Fraction [A (solid) distilling from 
91.5-106° at 0.001 mm. pressure, and Fraction IB (semisolid) distilling 
from 90-96° at 0.001 mm. pressure. Fraction IA was converted to the 
free acid after saponification with 1 ce. of N aqueous sodium hydroxide in 
15 ce. of methanol. The acid was recrystallized several times from petro- 
leum ether at room temperature; m.p. 80°; mol. wt. by titration, with 0.1 
x sodium ethylate, 372; iodine number 2.56. These figures are in close 
agreement with the properties of lignoceric acid (m.p. 82°, mol. wt. 368). 
Fraction IB was converted to the free acid and found to contain some lig- 
noceric acid, which was not further purified. 

Main Fraction II yielded two fractions, Fraction IIA (solid) distilling 
from 70-87° at 0.0OL mm. pressure, and Fraction IIB (semisolid) distilling 
from 69-97° at 0.0075 mm. pressure. Fraction IIA was converted to the 
free acid as described above and recrystallized several times from a small 
volume of petroleum ether at room temperature; m.p. 69°; mol. wt. by 
titration, 282; iodine number 2.61. These results indicate that the fatty 
acid is stearic acid (m.p. 69°, mol. wt. 284). Fraction IIB, a small part of 
the main fraction, was a mixture of lignoceric and stearic acids. 

Main Fraction III was converted directly to the fatty acids by saponifica- 
tion with 0.1 N alcoholic sodium hydroxide’ and acidification with dilute 
hydrochloric acid. The fatty acids were taken up in 40 cc. of petroleum 


1 In the saponification of nervonic acid alcoholic sodium hydroxide is used rather 
than aqueous sodium hydroxide because the nervonic acid is not completely saponi- 
fied in an aqueous solution. 
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ether and placed in an insulated container which was kept at — 10° by 
means of dry ice. After 30 minutes the saturated acids had settled. 
The unsaturated acid in the filtrate was remethylated and distilled at 
pressure of 0.001 mm. Two fractions were obtained, Fractions IITA and 
IIIB. 

Fraction I11B was converted to the tree acid as described above and re- 
crystallized from 5 cc. of petroleum ether at —10°; m.p. 41.5°; mol. wt., 
by titration with 0.1 N sodium ethylate, 367; iodine number 66. Nervonie 
acid, m.p. 41.5; mol. wt. 366; iodine number 69. 

Fraction IIIA contained small amounts of stearic acid and nervonie 
acid. 

The nervonic acid from Fraction LILB was hydrogenated for 4 hours with 
palladium charcoal as a catalyst. The hydrogenated substance melted at 
81.5°. Lignoceric acid, m.p. 82°. This melting point substantiates the 
fact that the unsaturated acid is nervonic acid which was converted by 
hydrogenation to lignoceric acid. 

In another experiment Adams’ PtO. (obtained trom the American 
Platinum Works, Newark, New Jersey) was used as a catalyst in the hy- 
drogenation of nervonic acid but did not prove to be so satisfactory as 
the palladium charcoal. 

The fractionation of the fatty acids from brain yielded lignoceric, stearic, 
and nervonic acids in the approximate proportions of 1:2:2. 

Isolation of Sphingosine Sulfate (Sphingosine-H ydrosphingosine Mixture) 
—After the removal of the fatty acid esters, the acid hydrolysate of the 
spingomyelin was neutralized with 4 N alcoholic KOH. The potassium 
sulfate was filtered off and the filtrate was made just acid to litmus with 
glacial acetic acid. The solution was made strongly alkaline with potas- 
sium hydroxide and the sphingosine was extracted with ether. The 
ether extract was washed with water and dried over NaeSQ,. 

The iodine number of this crude base was 41.5. It was recrystallized 
from petroleum ether at room temperature. The insoluble Fraction A 
was filtered and the mother liquor was left in the refrigerator overnight. 
The precipitate (Fraction B) was filtered. The iodine numbers of Fractions 
A and B were 46 and 19.4 respectively. 

0.85 gm. of Fraction A was converted to the sulfate (weight 0.94 gm.). 
It was recrystallized from 25 ec. of hot absolute alcohol and allowed to 
stand at room temperature. The precipitate (0.6 gm.) had an iodine 
number of 46. (The theoretical iodine numbers are 72.9 for sphingosine 
sulfate, 0 for dihydrosphingosine sulfate.) 


HeSO,4 and Calculated, N 4.02 
Found, 


Aiter repeated fractionations of the sphingosine sulfate-dihydrosphingo- 
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sine sulfate mixture from absolute alcohol, we finally obtained a sphingo- 
sine sulfate preparation which had an iodine number of 60. 

Preparation of Dihydrosphingosine Sulfate—50 mg. of recrystallized Frac- 
tion A (iodine number 60) were dissolved in 50 cc. of glacial acetic acid 
and hydrogenated for 4 hours with PtOz as a catalyst. The iodine number 
of the hydrogenated product was 4.9. Fraction B of the crystallized 
sphingosine sulfate (iodine number 19.4) was also hydrogenated under the 
same conditions and yielded a substance with an iodine number of 4.4. 

We were unable to make the derivatives of sphingosine and dihydrosphin- 
gosine described by Carter and his associates (6) because of the lack of 
sufficient material. However, the isolation of the two fractions of sphingo- 
sine sulfate with respective iodine numbers of 60 and 19.4 and the conver- 
sion of both to hydrosphingosine sulfate by hydrogenation justify the 
assumption that sphingosine sulfate obtained after hydrolysis of sphingo- 
myelin is a mixture of sphingosine sulfate and dihydrosphingosine sulfate. 


Preparatin of Pure Sphingomyelin from Beef Spleen 


The method employed for the isolation of hydrolecithin and the prepara- 
tion of pure sphingomyelin from the ether-insoluble phosphatide mixture 
from spleen is essentially the same as that previously reported for lung 
4,9). The yield of sphingomyelin from 50 pounds of spleen was 6.5 gm. 

The analysis of the recrystallized substance gave the following results: 
3.18 per cent N, 3.77 per cent P (N:P ratio 2:1). 

Properties of Sphingomyelin from Spleen—sSpleen sphingomyelin is a 
white crystalline substance soluble in benzene, warm alcohol, and hot 
ethyl acetate, insoluble in ether and acetone. It can be easily recrystal- 
lized from a large volume of hot ethyl acetate to which a few ce. of methanol 
have been added; m.p. = 217°; [a]%* = +6.25° (4 per cent solution of sphin- 
gomyelin in a mixture ot chloroform-methanol, 1:1); iodine number 33.5. 

Fatty Acids of Pure Sphingomyelin Prepared from Spleen—4.3 gm. ot 
sphingomyelin obtained by the procedure as described for lung (4) were 
refluxed for 4 hours with 143 ee. of 10 per cent sulfuric acid in methanol. 
After cooling, the methyl esters were extracted with three portions of 
petroleum ether. The pooled extracts were concentrated to dryness. The 
methyl esters weighed 1.7 gm. 

On redistillation of the methyl esters a liquid fraction and a solid trac- 
tion were obtained. The liquid fraction distilled from 85-96.5° at a pres- 
sure of 0.001 mm., while the solid fraction distilled from 90—109.6° at a 
pressure ot 0.0025 mm. 

The liquid fraction was converted to the tree acid by saponification with 
| ce. of aqueous sodium hydroxide in 15 ce. of methanol. The acid was 
recrystallized from petroleum ether several times at 0°; m.p. 61°; mol. wt., 
by titration with 0.1 N sodium ethylate, 264; iodine number 0. Palmitic 
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acid, m.p. 62°; mol. wt. 256. It is evident that the fatty acid is palmitic 
acid. 

The solid fraction was converted to the free acid as described above. 
The acid was recrystallized from petroleum ether several times at room 
temperature; m.p. 80°; mol. wt. by titration 385; iodine number 0. Lig- 
noceric acid, m.p. 82°; mol. wt. 368. 

Sphingosine sulfate was isolated in crystalline form from acid hydrolysis 
of sphingomyelin as described for brain sphingomyelin. ‘The iodine num- 
ber of this preparation was 36.7 (iodine number of unsaturated sphingosine 
72.9). After hydrogenation with PtO, (Adams’ catalyst) this substance 
gave an iodine number of 0. 


DISCUSSION 


Sphingomyelin of brain is different in regard to its component fatty 
acids from the sphingomyelin of visceral organs like lung and spleen? In 
brain sphingomyelin an unsaturated fatty acid, namely nervonic acid, is 
found in larger amounts, while its saturated compound, lignoceric acid, 
is present in smaller quantities than in other organs. 

Palmitic acid is not present in sphingomyelin of brain after it is freed 
of hydrolecithin (dipalmity] lecithin), while in the visceral organs palmitic 
acid is found together with lignoceric acid as the only fatty acid con- 
stituents of sphingomyelin. 

Stearic acid is present together with nervonic acid as the main constituent 
fatty acid of brain sphingomyelin. It has not been found in the sphingo- 
myelin of other organs. 

Sphingomyelin of spleen contains palmitic acid and lignoceric acid in 
equal quantities. Its fatty acid components are thus essentially the same 
as those of lung sphingomyelin. 

The physiological significance of the difference of the component fatty 
acids of brain sphingomyelin and the sphingomyelin of visceral organs is 
not known. 

The sphingosine fraction of the hydrolysate was isolated from brain as 
well as from spleen sphingomyelin. ‘The iodine number of the apparently 
uniformly crystallized sphingosine sulfate of both organs showed that this 
substance is a mixture of hydrosphingosine and unsaturated sphingosine. 
The sphingosine groups of the sphingomyelin thus consist of saturated and 
unsaturated sphingosine, in analogy to the composition of the cerebrosides 
as previously shown by Carter and his associates (5, 6). 


2 Brain is an ectodermal organ. Visceral organs like lung and spleen are of endo- 
dermal and mesenchymal origin. 
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SUMMARY 


1. A procedure for the preparation of pure brain sphingomyelin free of 
hydrolecithin is described. 

2. The fatty acids present in brain sphingomyelin are different from 
those present in other organs investigated. The component fatty acids 
of brain sphingomyelin are stearic, nervonic, and lignoceric acids, while 
lignoceric acid and palmitic acid are the component fatty acids of sphingo- 
myelin prepared from spleen and lung. 

3. Sphingosine isolated after acid hydrolysis of brain as well as spleen 
sphingomyelin is a mixture of hydrosphingosine and unsaturated sphingo- 
sine. 


The authors are indebted to Dr. Gerhard Schmidt for his helpful sug- 
gestions. 
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MICROBIOLOGICAL DETERMINATION OF HISTIDINE IN 
PROTEINS AND FOODS 


By MILLARD J. HORN, D. BREESE JONES, anp AMOS E. BLUM 


(From the Bureau of Human Nutrition and Home Economics, Agricultural 
Research Administration, United States Department of Agriculture, 
Washington) 


(Received for publication, October 10, 1947) 


Leuconostoc mesenteroides P-60, Lactobacillus fermentt 36, and Strepto- 
coccus faccalis have all been used in the assay of histidine (1-11). For the 
work reported in this paper both L. mesenteroides P-60' and S. faecalis 
9790' were used. The standard curve obtained with S. faecalis 9790, 
although having a dip in the middle, was adequate in every respect for 
accurate assays of histidine. As a check, a number of foods were assayed 
with L. mesenteroides. 


EXPERIMENTAL 


Organisms and Basal Media—Leuconostoc mesenteroides P-60 was used 
with the medium reported for lysine (12), with the exception that pyri- 


ML. OF OO5N NoOH 


O 2 4 6 8 10 12 14 16 18 20 


MICROGRAMS OF Ut -HISTIDINE 


Fic. 1. Standard curve for histidine with Streptococcus faecalis 


doxine was replaced with pyridoxamine (400 y per liter). Streptococcus 
faecalis 9790 was used with the medium reported for threonine (13). 
‘Obtayed from the American Type Culture Collection, Georgetown University 
School of Medicine, Washington, D. C. 
149 
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MICROGRAMS OF -HISTIDINE 


Fic. 2. Standard curve for histidine with Leuconostoc mesenteroides 


TABLE I 
Recovery of Histidine Added to Protein Hydrolysates 


| Histidine 
| In al | Added Total Found | Recovery 
Y per cent 
Corn, whole, yellow | 1.35 4 5.35 5.35 100 
2.740 4 6.70 6.70 100 
4.05 4 | 8.05 S.10 101 
Edestin 2.50 2 1.50 4.50 100 
2.50 4 6.50 6.30 97 
2.50 6 8.50 S.60 101 
2.50 S 10.50 10.50 100 
Glycinin 1.70 2 3.70 3.70 100 
| 3.40 2 5.40 5.30 Qs 
5.10 2 7.10 7.10 100 
6.80 2 8.380 9.20 105 
Soy bean flour 2.30 2 4.30 4.30 | 100 
2.30 + 6.30 6.10 96 
2.30 6 8.30 8.30 100 
2.30 Ss 10.30 10.30 100 
Wheat, whole 1.60 2 3.60 3.60 100 
1.60 4 5.60 5.50 9S 
1.60 6 7.60 7.40 97 
1.60 8 9.60 


9.60 100 


* Not corrected for moisture and ash. 


Assay Procedure—The procedures followed for the cultures, inoculum 
and preparation of samples were identical with those described in a previous 
paper (14), with the exception that 0.05 N alkali was used for the titrations. 
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Preparation of Histidine Standards—.-Histidine solutions ranging in con- 
centration from 2 to 20 y per ml. were used in preparing the standard 


TABLE II 


Histidine Content of Some Proteins and Foods Determined at Different Assay Levels* 


. 


Protein 


leve 


Average .. 


Casein 


Corn, whole, yellow 
Cottonseed flour. 


Edestin. 


Glycinin ... 
Ovalbumin.. 
Peanut flour 
Rice, white. 
Soy bean flour. 


Histidine found 
| Cottonseed flour Whole dried ces | E ‘Black: eyed pens _ White rice if 
| Y percent Y | per cent | per cent percent 
1.40 1.40 | | 
2.80 1.40 | 2.90 1.45 | 2.10 | 1.05 | 
4.20 1.40 
5.70 1.42 6.00 1.50 | 4.20 | 1.05 | 
| 3.30 | 0.66 | 
| 8.50 1.42 | 6.20 | 1.03 | | 
11.20 1.40 8.40 | 1.05 | 
| 6.70 | 0.67 | 1.65 | 0.17 
10.00 | 0.67 
13.30 0.67 | 3.30 | 0.16 
| | | ! 4.90 | 0.16 
| | | 6.50 | 0.16 
| 1.06 | 0.0 0.16 
Not Sor and ash. 
TaBLe III 
Comparison of Histidine Content by Leuconostoc mesenteroides 
and Streptococcus faecalis* 
| Histidine content 
Material N 
| S. faecalis 
16.07 2.50 2.46 
| 2.22 0.27 0.26 
| 10.36 | 1.42 1.44 
| 18.55 | 2.46 2.32 
17.30 | 1.80 1.83 
| 15.98 1.93 1.93 
| 10.15 | 1.19 | 1.20 
1.26 0.16 | 0.16 
8.85 1.15 1.16 
| 3.07 | 0.34 | 0.34 


Wheat, whole... 


* Not and ash. 


curves. 


The titration values of these curves (Figs. 1 and 2) were not 


altered by the addition of 1.2 mg. of any of the nineteen amino acids to the 
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medium. 


MICROBIOLOGICAL DETERMINATION 


OF HISTIDINE 


No change was obtained in the titration values of the Strepto- 


coccus faecalis curve (Fig. 1) when the amounts of vitamins, uracil, adenine, 


TaBLe [V 
Histidine Content of Some Proteins and Foods 
Percentages calculated for ash- and moisture-free material. 


Materia! 


Coconut globulin... 
Conarachin........ 


Cottonseed globulin... . 


Edestin. . 
Gelatin (Bacto). 


Glycinin..... | 
Lactalbumin..._. 


Ovalbumin (erystalline). 


Ox muscle. 
Peanut, total globulins. . 
Phaseolin (navy bean). . 
Wheat bran globulin. . 
Barley, pearled. . 

Brazil nut meal... 
Corn germ, defatted. _ 

whole, yellow... 
Cottonseed flour... 
Egg, whole, dried. 
Milk, dry, skim. . 


Oatmeal... 

Peanut flour... 

Peas, black-eyed. . 

Rice, white... 

Rye, whole... 

Soy bean flour. | 

Wheat germ, defatted 
‘¢ whole.. 

Yeast, dried, brewers’. . 


N 


| cent 


18.30 
16.07 


17.42 


18.20 


— 


Histidine 


ass 


“I 
me 


0.58 0 


| 
| 
| 


| 


Values from literature 


——. 


2.31 (15), 2.16 (16) 
2.8 (1), 3.1 (2), 3.0 (3), 2.6 (4), 
3.2 (5), 4.1 (6), 2.6 (7), 2.53 
(15) 

2.42 (17) 


2.9 (18) 

2.62 (11), 2.52 (15), 2.8 (16) 

0.79 (4), 0.83 (5), 1.0 
(6), 0.9 (16) 

2.08 (15) 


1.8 (4), 1.7 (16) 


_ 2.3 (1), 2.4 (5), 2.1 (16) 
| 3.5 (4), 1.9 (16), 2.25 (19) 


0.85 (15), 0.7 (16) 
0.19 (6) 


(16) 


0.44 (6), 0.33 (16), 


0.29 (20) 


(6), 1.68 (16) 


0.99(1), 1.33 (6),0.99 (7), 0.92 
(21) 


0.41 (6), 0.34 (16) 
1.33 (16) 


(16) 
| 0.22 (1) 


1.27 (1), 1.65 (6), 1.55 (10) 


(16) 


0.38 (1), 0.46 (6) 


(1), 1.38 (22) 


and guanine were increased in the medium, nor did the addition of aspara- 
gine, glutamine, ascorbic acid, pimelic acid, 6-alanine, inositol, or xanthine 
change these values in any way. 


\ 


Arachin. . | | 2.16 | 
Casein. . | 2.65 | | 
| n 
| 
— 
| 
18.00 
18.55 
18.32 | 
17.30 h 
15.39 
15.98 
..| 16.00 | 
18.01 | 
16.07 | 
17.76 | 
1.86 
1.86 | d 
9.03 
2.22 
10.36 
8.11 
6.57 
( 
Ca 
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Recovery of histidine added in different proportions to hydrolysates of 
whole corn, edestin, glveinin, soy bean flour, and whole wheat was satis- 
factory (Table I). 

Table II shows histidine values for lactalbumin and several foods 
analyzed at different assay levels. 

Table III gives histidine values of casein and three other proteins together 
with several foods as found by the use of two different organisms and media. 

The final corrected values for histidine (Table IV) in the proteins and 
foods? assayed agree well with those reported for the same materials by 
others using microbiological methods. The results obtained by chemical 
methods, especially those of Vickery and Winternitz (15) and Block 
and Bolling (16), are likewise in close agreement with the values herein 
reported. 


SUMMARY 


Two microbiological methods are described for the determination of 
histidine. ‘The procedures have been applied to the assay of proteins and 
foods with results that agree closely with those obtained by others using 
either microbiological or chemical methods. 
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EXCRETION OF BENZOQUINONEACETIC ACID IN 
HYPOVITAMINOSIS C 


By ELLA H. FISHBERG 
With THE TECHNICAL ASSISTANCE OF VIRGINIA RECHNITZER 
(From the Biochemical Laboratory of the Beth Israel Hospital, New York) 


(Received for publication, August 7, 1947) 


Sealock et al. (1) and Levine et al. (2) showed that keto and hydroxy 
derivatives of phenylalanine and tyrosine were excreted in the urine when 
insufficient ascorbic acid was available for the metabolic needs of the 
organism. Administration of the vitamin promptly prevented the appear- 
ance of these partial metabolites. Fishberg (3) showed that the urine in 
those pathologic states brought about by ascorbic acid deficiency became 
capable of inducing methemoglobin formation in vitro. This tn vitro for- 
mation of methemoglobin by the urine is pathognomonic of a very rare 
metabolic disorder first described by Stokvis (4), “autotoxic enterogenous 
eyanosis,’’ in which some substance of unknown chemical constitution 
circulating in the blood stream caused the formation of methemoglobin and 
resulted in the typical intense cyanosis. 

In this investigation we have attempted to identify this substance, which 
was excreted in large quantities in the urine of a deeply cyanotic 55 year-old 
subject. The intensity of the cyanosis varied directly with the excretion 
in the urine of a substance, which on the basis of its chemical properties, 
its ultraviolet absorption spectrum, and oxidation-reduction potential 
appears to be benzoquinoneacetic acid, the oxidized phase of the oxidation- 
reduction system homogentisic-benzoquinoneacetic acid. The method of 
Valeur (5) for the quantitative estimation of water-soluble p-quinones 
could be applied to its quantitative determination. Also, we found that 
the power of methemoglobin formation in vitro was by no means confined 
to urine excreted by subjects suffering from enterogenous cyanosis. ‘Table I 
shows that a methemoglobin-forming substance having identical chemical 
properties and physical constants could be detected in the urine excreted in 
those pathologic states in which diminished excretion of vitamin C in the 
urine had been previously reported, notably scurvy and rheumatic fever. 
Guinea pigs maintained on a scorbutic diet and showing manifest lesions of 
scurvy also excreted an identical substance. It can be seen in Table I that 
urine excreted in the above pathologic states showed a number of chemical 
reactions which could be reproduced by, substituting a solution containing 
00 mg. per cent of benzoquinone for the urine. 
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The reactions used were the following. (1) 1 cc. of 10 per cent KI and 
1 cc. of 2 N H2SQO, were added to 2 cc. of solution. A positive reaction js 
indicated by a yellowish brown color, which, on addition of a few drops of 
soluble starch, turns deep blue. (2) 2 cc. of solution were added to 2 ee. of 
blood which had previously been diluted 1:4 with distilled water, 4 
positive reaction is shown by the chocolate-brown color and the appearance 
of an intense absorption band at 630 mu. (3) To 2 cc. of dimethyl-p. 
phenylenediamine in acetic acid solution, 2 cc. of the solution are added. 


TABLE I 


Chemical Tests for p-Quinone 


Solution Testi | Test2 | Test 3 | Test 4 | Test5 Test6 | Test 7 
mg. % aqueous benzo-' + | + | 
quinone : | | 
Il. 50 mg. benzoquinone in nor- + + + 
mal urine | | | 
III. Urine (enterogenous cyanosis) + + + 4 | + + | + 
IV. Distillate from (III) i+] +l] + 4+ + 
V. Normal urine — | +f -- — | +f - 4% 
VII. 50 mg. % phenylpyruvice acid — 
in urine§ | 
VIII. Distillate from (VII) a 
IX. Urine from scorbutic subject! 4+ + | + 4 
X. Distillate from (TX) + | + + 1 Ae 4 + 


* See the text. 

t Only after 24 hours standing at 40°. 

¢t Cloudiness with very slight precipitate after an hour. 

§ Phenylpyruvic acid was taken as representative of the known intermediates of 
tyrosine metabolism, and a control solution of 50 mg. per cent was used. It was 
synthesized by the method of Herbst and Shemin (6). 

|| The subject had subsisted on a diet of chicken soup, chicken, and tea for 40 
years. Multiple hemorrhages and all clinical signs of scurvy. 


A positive reaction is shown by the appearance? of « brilliant red color. On 
spectrophotometric examination the curve of ,this red solution shows two 
absorption peaks at 520 and 550 my similar to those of the meriquinone, 
Wurster’s red. (4) To 2 cc. of benzidine in acetic acid solution 2 ce. of the 
solution are added. A positive reaction is shown by a bright orange color. 
(5) To 1 cc. of the solution 2.8 mg. of 2,4-dinitrophenylhydrazine in 1 ce. 
of N HCl are added. A positive reaction is indicated by clouding of the 
solution within a few minutes and a yellow precipitate on standing. (6) 
The solution is made alkaline and allowed to remain in an incubator. After 
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24 hours the solution turns dark brown and deposits a black precipitate. 
This phenomenon was noted by Mackenzie Wallis (7) in the urine of the 
five cases of enterogenous cyanosis reported by him in 1913. (7) A few 
drops of concentrated HCl are added to 5 ce. of the solution. A positive 
reaction is shown by the instant appearance of a warm red color. This 
reaction was stated by both Stokvis (4) and van den Bergh (8) to be char- 
acteristic of enterogenous cyanosis, but it may be reproduced readily by 
adding a few drops of concentrated HCl to normal urine in which benzo- 
quinone has been dissolved. This reaction is negative in an aqueous solu- 
tion of benzoquinone. A normal urine will show a rose color if treated with 
concentrated HCl and allowed to stand for 24 hours. 

Crystalline benzoquinoneacetic acid was prepared. 50 cc. of cleared 
urine positive to the iodine-starch reaction were placed in a separatory 
funnel and 50 ec. of peroxide-free ether added. The quantity of 2 n HCl 
required to change the pH of the urine to 3.4 was determined potentio- 
metrically. ‘The calculated amount was added quickly and the mixture 
shaken vigorously. ‘The ether became positive to the iodine-starch re- 
action. On evaporation of the ether, bright yellow crystals appeared, 
identical with those obtained by Moérner (9) by oxidation of homogen- 
tisic acid. We prepared the dimethyl ether of homogentisic acid (Wolkow 
and Baumann (10)) from a positive urine distillate by treatment in alka- 
line solution at room temperature with methyl sulfate. 

870 ce. of urine containing 469 mg. of methemoglobin-forming substance 
(pH 5.62) were distilled. An indicator solution consisting of KI, H2SQ,, 
and starch wus placed in the receiver. When the indicator turned blue, the 
receiver Was changed. A buffer solution (pH 7.17) was placed in the re- 
ceiver and the distillation continued. <A steam distillate (650 ec. containing 
115 mg. of benzoquinoneacetic acid) was obtained. The material in the 
distilling flask had lost its power of liberating I from KI. The yield was 
less than 25 per cent. This steam distillate was concentrated at room 
temperature, 15 mm. pressure, pH 7.12. 100 ce. containing 98 mg. of 
benzoquinoneacetic acid were obtained. 

This was quickly reduced with stannous chloride in alkaline solution till 
the iodine-sturch reaction of a sample became negative. The solution was 
then shaken with methyl! sulfate in a separatory funnel. As the methyla- 
tion proceeded, the solution became warmer and the reaction turned acid to 
litmus. The solution was then extracted with ether. In order to hydro- 
lyze the methyl ester of dimethylhomogentisic acid which was formed, the 
ethereal extract was made alkaline with 10 per cent NaOH and heated on 
the water bath until all of the ether was exhausted. It was then acidified 
with H.SO, and exhausted with ether, and the ether allowed to evaporate 
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spontaneously. The residue was dissolved in hot water, and on cooling 
needle-shaped crystals appeared, m.p. 123.8°. 


CyoHpO,. Calculated. C 61.22, H 6.13 
Found. 


Quantit:tive Determination of Mcthemoglobin-Forming Substance (Adapta- 
tion of Method of Valeur (5) for Determin: tion of Water-Soluble p-Quinones) 
—10 ec. of 10 per cent KI and 10 ce. of 2 N HeSO, are added to 20 ce. of 
urine. The solution turns yellowish brown if quinone is present. This is 
titrated with 0.01 N sodium thiosulfate, and just before the end-point, a few 
drops of soluble starch are added as an indicator. ‘The end-point, the dis- 
appearance of the blue color, is extremely sharp. ‘The number of cc. of 
thiosulfate X 4.2 gives the number of mg. of benzoquinoneacetic acid per 
100 ce. Table IT shows the day to day variation in the concentration of 
benzoquinoneacetic acid in the urine of our cyanotic subject. 

A distillate of urine containing 55 mg. per cent of benzoquinoneacetic 
acid was used for the determination by the Beckman quartz spectiopho- 
tometer (H source) of the ultraviolet absorption spectrum (cell length 
0.994 em.). As can be seen from Fig. 1 the absorption spectrum was 
characterized by a maximum at 286 mz and a shallow minimum between 
265 and 260 mu. When compared with the absorption curve of a distillate 
of the urine from a rheumatic subject, which contained 38 mg. per cent by 
titration, it was found that the two curves were identical. Graubner (11) 
found a similar ultraviolet absorption spectrum in serum, with a maximum 
at 285 mu and «a minimum at 270 mz. In avitaminosis, according to 
Sithrmann and Kollath (12), marked deviations from the normal! density 
are encountered. Graubner found that the substance which causes this 
specific absorption band dissolved easily in water and alcohol but not in 
ether. Though unable to identify the nature of the substance, Graubner 
postulated a substance which contained a —-C-——O group or a benzene de- 
rivative. It would seem possible that benzoquinoneacetic acid formed as a 
normal intermediate in the catabolism of tvrosine and phenylalanine ap- 
pears in the urine in sufficient quantity to give positive quinone reactions 
only as a result of damage to liver function, such as could be caused by lack 
of vitamin C. 

The urine containing benzoguinonexcetic acid must show a well defined 
oxidation-reduction potential, that of homogentisic acid. To determine 
this we used a urine distillate containing $83 mg. per cent. This was 
titrated electrometrically with leucoindigocarmine in strongly buffered 
solution in an atmosphere of nitrogen with bright platinum electrodes. 
The nitrogen was passed over heated copper gauze before entering the elee- 
trode vessel. The technique was essentially that of Clark and Cohen (18). 
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Ercretion of Benzoquinoneacelic Acid and Ascorbic Acid per 24 Hours 


Day Volume 
cc. 
1 410 
2 560 
3 S70 
4 680 
5 1280 
6 1180 
7 1460 
8 910 
1240 
10 1850 
11 1100 
12 1200 
13 1140 
14 S15 
15 845 
16 1220 
17 1620 
18 1280 
19 1230 
20 659 . 
21 1200 
22 1520 
23 1170 
24 1100 
25 
26 
27 S12 
28 762 
29 2160 
30 2082 
31 2052 
32 1750 
33 1940 
34 1360 
35 1000 
36 1440 
37 1320 
38 2080 


Benzoquinoneacetic acid 


mc. per ceni | 


OOOO 


bo 


bo to to 


Ascorbic Acid 


3 


11 
4 
55. 
113. 
68. 
266. 
522.2 
480.0 
460.0 
156.3 
561.4 


Oxygen 
capacity 


15.9 


vol. per cent 


The titration was greatly facilitated by a parallel titration of the iodine 
Fig. 2 shows a typical curve at pH 7.01. 
mid-point of the titration was 0.2503 volt, which is in excellent accord with 
the results reported by Blix (14) for homogentisic acid. 


liberated from acidified KT. 


The 


| 
} 
| $32.9 512 
| 45 250 15.8 i 
169 16.1 
| 17 323 | 16.2 : 
0 0 | 16.4 ; 
0 17.7 
| | 0 0 17.1 
| 5 16.6 
106 | 16.7 
os 16.5 
L4 160 | 16.3 
| 168 16.5 
| 101 16.9 
2.6 310 16.3 
| 16.2 262 16.7 
0.0 0) 18.0 
0.0 0 18.6 
| 22.4 149 | 18.0 4 
| 1S.9 226 | 17.7 
0.0 0 18.1 
| 0.0 0) 18.3 
| 140 
| 291 16.8 
93 16.5 | 
5d 16.3 
| | ™ 116 16.7 | 
0.0 0 17.2 
1.9 39 18.2 
3.8 67 18.3 
U.U 18.5 
0.0 0 18.8 
0.0 0 19.1 ; 
0.0 | 19.7 
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Conant and Fieser (15) have shown that hemoglobin-methemoglobin is a 
reversible oxidation-reduction system whose potential at body pH is ap- 
proximately +0.15 volt. The potential of benzoquinoneacetic acid 1n its 
fully oxidized form can reach +0.30 volt at this pH. The formation of a 
quinone, however transitory its existence, has been assumed as one of the 
obligate intermediates in the catabolism of phenylalanine and tyrosine. 


I Enterogenous Cyanosis 


Rheumatic Fever 


0.8. 
06 


03 


0.2). 


me 240 250 20 #4270 280 290 300 


Fig. 1. Ultraviolet absorption spectrum of methemoglobin-forming substance. 


Neubauer (16) postulated the conversion of tyrosine into homogentisic acid 
through an intermediate quinoid stage with the side chain migrating from 
the 4 to the 3 position in the ring. Dakin (17) found that the administra- 
tion to alcaptonurics of p-tolylalanine and p-methoxyphenylalanine, 1.¢. 
substances incapable of forming quinoid derivatives, did not result in in- 
creased excretion of homogentisic acid. He regarded this as strong evl- 
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dence that a quinoid substance is an obligate precursor of homogentisic 
acid. The hemoglobin of the blood stream seems capable of dealing with 
the transitory quinones formed during normal tyrosine catabolism, but. if 
they appear in larger quantities or persist for a longer time, as evidenced by 
the appearance of benzoquinoneacetic acid in the urine, there must be a 
shift in the equilibrium and on this basis methemoglobin appears in the 
blood. It was apparent that approximately 20 per cent of the hemoglobin 
in the blood of our cyanotic patient had been transformed into methemo- 
globin. ‘The blood volume determined by the Congo red method was 4875 
ec., With a hemoglobin content of 658 gm. If the molecular weights of 
hemoglobin and benzoquinoneacetic acid, 68,000 and 166.6, respectively, 
are taken into account, it is apparent that 1.6 gm. of benzoquinoneacetic 


' 2 3 4 5 6 7? 8 


CC LEUCOINDIGOCARMINE 


Fic, 2. Titration of methemoglobin-forming substance 


acid would have been sufficient to transform the entire hemoglobin into 
methemoglobin. Since 512 mg. of benzoquinoneacetic acid were excreted 
in the urine, some protective mechanism must have been functioning. 
This was the ability of hemoglobin to act as a poising agent by virtue of its 
middle position in the physiological oxidation-reduction scale, and thus to 
protect. the blood against deleterious changes of £,, with consequent danger 
tothe oxygen transport system. The poising power is the reciprocal of the 
change in potential caused by the equivalent addition of an oxidant, and 
when 20 per cent of the hemoglobin has been transformed into methemo- 
globin the poising effect is 25 times as high as at 1 per cent. 

Lan and Sealock (18) found that surviving slices of liver tissue from 
scorbutic guinea pigs had lost the faculty of complete tyrosine oxidation, 
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but addition of vitamin C to scorbutic tissue 1n vitro resulted in the subse- 
quent return of normal function. Fig. 3 shows that there was an inverse 
re'ationship between the amount of benzoquinoneacetic acid and the quan- 
tity of ascorbic acid excreted each day; as the former rose, the latter fell, 
The average quantity of 2,6-dichlorophenol indophenol-reducing substance 
excreted in the urine was 7.8 mg. for 20 days on a normal diet when the 
urine contained benzoquinoneacetic acid and 34.6 mg. for the 9 days when 


Biood Oxygen Capacity 


VOLUMES %, 


j O Benzoquinone Acetic Acid 
400 | @ Ascorbic Acid 
i 
200 _ 
100_ 
all F 1| 
5 10 ‘5 20 25 30 35 40 
DAYS 


Fic. 3. Changes in the urinary excretion of benzoquinoneacetic acid and ascorbic 
acid and the oxygen capacity of the blood in autoxic enterogenous cyanosis. 


no quinone could be found. From the 30th day onward the subject was 
given 500 mg. of ascorbic acid by mouth and 500 mg. intravenously. 
There was rapid cessation of the excretion of benzoquinoneacetic acid, the 
urinary excretion of ascorbic acid rose to an average of 457 mg. per 24 
hours, the oxygen capacity of the blood rose, the methemoblobin band 
paled and finally almost disappeared on spectroscopic examination, and the 
cyanosis became less apparent and finally was not visible. 
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SUMMARY 


A substance capable of methemoglobin formation in vitro, giving the 
chemical reactions of a p-quinone, was obtained from the urine of subjects 
showing decreased urinary excretion of vitamin C, but only during those 
periods when the urinary excretion of vitamin C was diminished. This 
was identified as benzoquinoneacetic acid on the basis of its chemical reac- 
tions, including the preparation of a derivative, the dimethyl ether of 
homogentisic acid, and the determination of its oxidation-reduction po- 
tential, that of homogentisic acid. ‘The assumption was made that it was 
an obligate intermediate in the normal catabolism of tyrosine and phenyl- 
alanine, and its existence was so short as to be undemonstrable chemically 
except for the appearance of a characteristic absorption band in the ultra- 
violet region on spectrophotometric examination of the blood serum and 
urine. Tiais is similar to many other physiological mechanisms which 
function imperceptibly under normal conditions but become more apparent 
through exaggerations inherent in their pathological manifestations. In 
rheumatic fever and scurvy this quinone persists for a longer time, owing to 
interruption of the normal tyrosine catabolism at the quinoid stage as a 
sequel to lack of sufficient available ascorbic acid, a key component of the 
enzyme system necessary for complete tyrosine oxidation. Here the ben- 
zoquinoneacetic acil may be determined chemically in the urine. In 
enterogenous cyanosis the quinone is produced in such quantities that a 
large part of the hemoglobin of the blood stream is converted into methe- 
moglobin. 
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THE MECHANISM OF RETINAL VITAMIN A FORMATION* 


By ALFRED F. BLISS 
(From the Department of Physiology, Tufts College Medical School, Boston) 
(Received for publication, August 26, 1947) 


Rhodopsin, the photosensitive pigment of night vision in most verte- 
brates, is a complex lipoprotein which can be extracted from the retinal rod 
cells by mild detergents such as aqueous digitonin. Dissolved rhodopsin is 
characterized by an absorption maximum at about 500 my in the blue-green 
region of the spectrum. On exposure to light it bleaches with the release 
of yellow lipides. The bleaching process is complex, involving a primary 
photoprocess (1, 2) and secondary dark reactions. At temperatures near 
0° the rate of the dark reactions is greatly slowed and an unstable photo- 
product, transient orange (3, 4), can be detected. This substance has a 
maximum spectral absorption between 465 and 480 my in aqueous 
digitonin. If the solution is warmed to room temperature, transient orange 
is rapidly converted to the more stable pigment, indicator yellow (5, 6), 
with a peak at about 445 mu in acid and 360 my in basie solution (7). 

If frog retinas are illuminated just long enough to bleach them to a yellow 
color and are then shaken with petroleum ether, a third substance, retinene 
(8), can be extracted. It has the properties of a carotenoid, giving a blue 
color with antimony trichloride in chloroform (9), due to an absorption 
band with a peak at 664 mu. It has been suggested that retinene is vitamin 
A aldehyde (10). The absorption spectra of retinene and other colored 
lipides of the rhodopsin series are shown in Fig. 1. 

When retinas are illuminated for a long time, their yellow color fades, 
and shaking with petroleum ether yields a substance with the properties of 
vitamin A. Wald has incorporated retinene as a precursor of vitamin A in 
his well known visual cycle, but the réle of transient orange and indicator 
yellow has remained a moot point. Another problem that has been noted 
by several investigators is the relatively small production of retinene and 
vitamin A from dissolved rhodopsin, in striking contrast to the behavior of 
retinal rhodopsin. ‘These discrepancies pointed to the need for new experi- 
ments (11) which have led to a more detailed picture of the dark processes 
following the illumination of rhodopsin. A diagram of these processes is 
presented as an aid in following the subsequent description of the experi- 
ments on which it is based. 


* Aided by a grant from the Penrose Fund of the American Philosophical Society. 
165 


» 
aa 
Se 
$4 
+ 
> = 
> 
4 
4 
ig 
| ; 
¥ 
| 


166 RETINAL VITAMIN A FORMATION 


EXPERIMENTAL 
Methods 


The following procedures were employed in most of the experiments 
referred to in later sections of this paper. Deviations from this general 
procedure will be specified in the descriptions of the individual experiments, 
In all the experimental series the methods were standardized with regard to 
times, temperatures, stirring, illumination, and drainage losses to minimize 
individual variation. 


4. 


Optica’ Density 


Fic. 1. Spectra of colored retinal pigments. Curve 1, alkaline indicator yellow 
in alcohol, from retinas pretreated with sodium carbonate; Curve 2, retinene in 
chloroform; Curve 3, acid indicator yellow in alcohol; Curve 4, aqueous transient 
orange, from Lythgoe and Quilliam; Curve 5, acid indicator yellow in chloroform; 
Curve 6, rhodopsin in aqueous digitonin. 


The visual pigments were obtained from the common frog, Rana pipiens. 
After dark adaptation for 2 or more hours at 25°, two or three frogs were 
decapitated in dim red light and their retinas dissected from the melanotic 
pigment epithelium in Ringer’s solution. The weight of the fresh retinas, 
minus drainage fluid, was determined on a glass plate, and usually ranged 
from 100 to 200 mg. 

In certain experiments the weighed retinas were hardened for | hour in 
4 per cent alum (potassium aluminum sulfate), followed by a 1 hour water 
wash. Since this treatment apparently renders insoluble nearly all the 
proteins of the retina except rhodopsin, it was not employed when com- 
ponents other than rhodopsin were desired in the subsequent extract. 

The retinas were placed in a 12 ml. conical centrifuge tube and extracted 
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by grinding with a glass rod for 1 minute in 0.2 ml. of 3 per cent aqueous 
digitonin. After 10 minutes and 20 minutes at 25°, the suspension was 
again ground, and then was spun in a Sorvall angle centrifuge at a high 
speed for 10 minutes. The residue was reextracted tor 10 minutes with 
0.2 ml. of water. 0.2 ml. of phosphate-citrate buffer at a pH appropriate to 
the particular experiment was added to the pooled first and second extract, 
and the resulting pH determined by a Beckman 1 drop glass electrode. 

The digitonin solutions of rhodopsin were bleached 30 seconds in light 
from a 100 watt bulb at a distance of 3 inches. A half inch of water and a 
Corning No. 3389 (yellow) filter were placed in the beam to reduce possible 
side effects of infra-red and ultraviolet light. The progress of the thermal] 
reactions was followed at 25° in light from a 200 watt bulb 10 feet distant, 
to prevent regeneration of the bleached rhodopsin. 

The carotenoid fraction was extracted from the bleached rhodopsin solu- 
tions by shaking the solutions directly with 10 volumes of petroleum ether, 
or by adding 9 volumes of absolute methanol to the solution and shaking 
for a few seconds with two 5 ml. portions of petroleum ether. Since the 
latter procedure led to prompt quenching of enzymic activity and quicker 
separation of the layers after shaking, it was used except where otherwise 
indicated. The petroleum ether was then evaporated to dryness in a 75 
ml. test-tube at room temperature in vacuo. 1.5 ml. of 5 per cent alcoholic 
KOH were added to the residue and allowed to stand 30 minutes in the dark 
at 25°, a step which decreased the incidence of turbidity in the subsequent 
SbCl; test. After addition of an equal amount of water the alkaline alcohol 
solution was shaken with two 5 ml. portions of petroleum ether. The resi- 
due from the latter was transferred to the 1 cm. optical cell with 0.35 ml. of 
chloroform. After the cell was placed in the photoelectric spectrophotom. 
eter (12), 0.65 ml. of antimony trichloride in saturated chloroform solu- 
tion at 25° was mixed with a drop of acetic anhydride to remove moisture. 
This solution was then added to the sample in the optical cell. The 35:65 
ratio of the sample to the reagent was chosen in preference to the 1:10 ratio 
usually employed in the Carr-Price test because it permitted more accurate 
transfer of small samples, and led to readings that were not significantly 
different from those obtained by the standard method. 

Within 15 seconds after the addition of the antimony trichloride the 
galvanometer deflection of the spectrophotometer was, read. Wave- 
lengths were changed with the aid of a notched wave-length drum and 
spring catch to insure maximum rapidity in recording the fleeting blue color. 
Since the circuit response was linear, the readings could be converted to 
optical density (log Jo/Z), which was finally corrected for the density of the 
cell and solvent. The observed densities were corrected, by extrapolation 
of the time-densitv curve, for the loss in density after addition of the reagent 


and before the readings. 
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Correction was made, when necessary, for the mutual interference of 
the vitamin A and retinene absorption bands in the Carr-Price test. This 
correction is necessary when appreciable quantities of both carotenoids are 
present, since the density of the antimony trichloride complex of vitamin 
A at 664 muy is about 0.2 of that at the vitamin A maximum, 615 muy. _Like- 
wise the density of the antimony trichloride complex of retinene at 615 mz 
is about 0.7 of that at the retinene maximum, 664 mu. The portion of the 
observed density at 615 my which is due to vitamin A may be represented 
by z. Similarly the portion of the density at 664 my which is due to 
retinene may be called y. Then the observed density at 615 mp = (x + 0.7 
y), and the observed density at 664 mu = (y + 0.2 2). These two equa- 
tions may then be solved for x and y. 


i 


Optical Density | 


Fic. 2. Thermal changes in bleached rhodopsin solutions at pH 3.9. Curve 1 
density at 470 my of transient orange and acid indicator yellow from 164 mg., wet, 
weight of retinas, in 1.6 ml. of aqueous digitonin at 25°. Curve 2, density of SbCl; 
test for retinene per 100 mg., wet weight. 


Retinene Production in Rhodopsin Soluttons—Rhodopsin solutions were 
prepared from alum-soaked retinas, as described in ‘‘Methods.” In the 
first series the buffer was omitted to obtain an acid extract at pH 3.9, the 
volume of which was brought to 1.5 ml. with water. During the first 8 
minutes following bleaching at 25° the initial photoproduct, transient 
orange, Was replaced by the intensely yellow pigment, acid indicator yel- 
low. This substance then bleached gradually over the course of 10 hours. 
These thermal changes were recorded at 470 mug, at which wave-length the 
absorption of aqueous retinene is nearly zero, and are shown in Fig. 2, 
Curve 1. 

The amount of retinene present at various times following bleaching of 
acid solutions of rhodopsin was then determined as follows: 9 volumes of 
methanol were added to each solution tested. An equal volume of water 
was then added, and the resulting 50 per cent methanol solution was shaken 
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with three 5 ml. portions of petroleum ether. ‘The dried residue from the 
petroleum ether was then saponified and tested by the Carr-Price reaction, 
as described in ‘‘Methods.” The results are given in Fig. 2, Curve 2 
Each point on Curve 2 represents the density at 664 my due to retinene 
extracted from a separate 0.4 ml. bleached solution which had been allowed 
to stand for the indicated time at 25°. It can be seen that transient orange 
released no significant, amount of retinene, whereas acid indicator yellow 
formed retinene until the acid indicator yellow had completely disappeared, 
Although aqueous transient orange was rapidly converted to the retinene 
precursor, acid indicator yellow, the conversion rate in 50 per cent methanol 
was apparently slow enough so that little retinene was formed in the 15 
minutes required for extraction of the carotenoid fraction from the 50 per 
cent methanol. 

It is also clear that the retinene itself was labile, so that only a part of the 
total potential retinene was present at any time. ‘The total retinene was 
determined by shaking a bleached solution ot acidic rhodopsin with 10 
volume portions of petroleum ether tor 5 minute periods at intervals of 
about an hour. The emulsions were separated by centrifugation, and the 
residues from the petroleum ether were brought without saponification into 
chloroform. They were then tested with antimony trichloride, as already 
described. The retinene value for each petroleum ether extract was added 
to the cumulative value for the previous shakings, giving a total retinene 
production of 0.4 density units at 664 my in 9 hours following bleaching, a 
considerably higher value than the maximum, 0.24, obtained by a com- 
parable single determination based on extraction of the retinene from 90 
per cent methanol. 

Retinene production was strongiy influenced by pH, both in rate and 
amount. A solution of rhodopsin from alum-pretreated retinas, brought to 
pH 6.7, exhibited an induction period of retinene formation only 2 minutes 
in length, much shorter than the 8 minutes required at pH 3.9. Very little 
retinene could be obtained from solutions above pH 7. Tne antimony tr- 
chloride test yielded a faint blue color, which was probably due to preformed 
vitamin A, traces of retinene, and possibly a faint reaction of indicator 
yellow or transient orange. In alkaline solution the retinene precursor, acid 
indicator yellow, was reversibly converted to its stable basic form. 

Vitamin A Production in Rhodopsin Solutions—Wald has shown that 
retinene is an intermediate in the formation of vitamin A by the bleached 
retina. When retinas are soaked in alum before bleaching, vitamin A 1s no 
longer formed, even though the pH is brought back to neutrality. Simi- 
larly digitonin solutions of rhodopsin from retinas so treated yield retinene 
alone. In fact, it has been emphatically denied by several workers that 
the formation of vitamin A in rhodopsin solutions has ever been observed. 
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However, Wald (13) has shown that fresh neutral solutions of rhodopsin 
exhibit a thermal fading after illumination similar to that of fresh retinas 
in the course of vitamin A formation. This clue made it necessary to 
reinvestigate the production of carotenoids by rhodopsin solutions. 
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Fic. 3. Vitamin A formation by unbuffered extract per 100 mg., wet weight, at 25° 
Curve 1, vitamin A; Curve 2, retinene. 
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bleaching. Curve 1, petroleum ether extract of whole retinas; Curve 2, petroleum 
ether extract of aqueous digitonin solution of rhodopsin bleaching products. 


A fresh, unbuffered solution of rhodopsin was bleached for 30 seconds in 
the light described above, and was then kept at a distance of 10 feet from 
a 200 watt lamp to prevent regeneration of the rhodopsin. Aliquots were 
treated with aleohol at various times after bleaching at 25° and stored over 
solid carbon dioxide until they could be tested for vitamin A and retinene. 
The course of this experiment is shown in Fig. 3, and the absorption spec- 
trum of the final blue color is shown in Fig. 4. Figs. 3 and 4 show that 
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fresh extracts of rhodopsin formed vitamin A as efficiently as did whole 
retinas. When an unbleached extract of fresh retinas was added to a simi- 
lar extract of alum-treated retinas, the amount of vitamin A formed was 
the same as that of two fresh extracts. The numerical data of these experi- 
ments are given in ‘Table I, and show that vitamin A formation was induced 
by an independent, alum-labile factor. The factor could be obtained free 
from rhodopsin by bleaching retinas until they had formed their maximum 
amount of vitamin A. They were then frozen and dried in vacuo. The 
dried retinas were washed on a glass filter for 1 hour with petroleum ether 
at 5°, and then extracted with digitonin as usual. Such extracts yielded 
no trace of vitamin A, but induced the formation of maximum amounts of 
vitamin A from alum-pretreated bleached rhodopsin solutions at pH 6.7. 

Effect of Trypsin on Rhodopsin and on Vitamin A Formation—It seemed 
probable that the activating factor was an enzyme or an enzymic system, 
If this were the case, it might be expected that its activity would be de. 


TABLE I 
Induction of Vitamin A Formation by Fresh Extracts of Rhodopsin 


Density of SbCI, color test per 100 mg., wet weight, pH 7.5, 1 hour after bleaching, 
27 + 2°. The data in the first column give the range of five experiments; the other 
columns, the average of duplicate experiments. 


Wave-length Fresh solutions | Fresh + alum-pretreated 
615 0.25 + 0.06 | 0.065 | 0.25 
664 0.06 + 0.02 : 0.085 | 0.05 


stroyed by trypsin, to which rhodopsin has been reported insensitive (14). 
A 10 per cent suspension of Pfanstiehl “trypsin powder (1:110)” was 
dialyzed 6 hours in a refrigerator and then centrifuged at a high speed for 
10 minutes in an angle centrifuge. An equal volume of the supernatant 
was added to one-half of a digitonin solution prepared as follows: twenty 
freshly excised frog retinas were extracted for 20 minutes at 26° in 0.3 ml. 
of 3 per cent aqueous digitonin, and similarly reextracted 10 minutes in 0.2 
ml. of digitonin. ‘The pooled rhodopsin and trypsin solution was brought to 
pH 7.0 by 1 ml. of phosphate-citrate buffer of pH 7.1. 

An equal amount of the buffer was added to the other half of the rhodop- 
sin solution as a control. The trypsin-treated solution was allowed to 
stand for 1 hour at 25° in the dark before testing. The rhodopsin content 
was determined as density fall at 500 mu following 30 seconds bleaching by 
a 100 watt lamp at 3 inches. In two such experiments the rhodopsin values 
of the controls were 0.18 and 0.15, while the corresponding values in the 
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trypsin solutions were 0.21 and 0.18. Thus the trypsin treatment had no 
significant effect on the rhodopsin. However, trypsin-treated solutions 
formed no vitamin A, showing that the activating factor was probably 
a protein. ‘The fact that rhodopsin, which is also a protein, was not simi- 
larly destroyed may be due to its large lipide prosthetic group. 

Aging of Vitamin A Factor—Aqueous digitonin extracts of fresh retinas 
were prepared as quickly as possible, according to ‘‘Methods.” In this 
series the buffer was omitted and the pH was thus maintained by the 
extracted tissue buffers at about 6. Each extract was kept in the dark at 
25° for a definite time and then bleached 30 seconds. The bleached solu- 
tion was then kept in light for 10 minutes at 25.0°. The reaction was 
terminated by the addition of 9 volumes of methanol, from which the 
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Fic. 5. Aging of vitamin A factor in unbuffered solutions. Ordinate, density of 
SbCl, test per 100 mg., wet weight. Abscissa, time from start of digitonin extraction. 
Each point gives the average of duplicate experiments. 


carotenoids were extracted as described in “‘Methods.’’ The results are 
shown in Fig. 5, in which each point represents the average of two separate 
preparations. It can be seen that the rate of vitamin A formation, meas- 
ured at 615 my, remained high for about 2 hours following the start of the 
extraction, and then fell rapidly to the level of preformed vitamin A. 
Simultaneously the retinene curve, measured at 664 my, rose. These 
curves suggest that the rhodopsin solutions contained a labile factor origi- 
nally present in excess, but which in 2 hours had deteriorated toa low enough 
concentration to limit the rate of vitamin A formation and cause an accu- 
mulation of retinene. 

Effect of pH on Vitamin A Formation—Buffered digitonin solutions of 
thodopsin from freshly excised retinas were prepared as described in 
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“Methods.’’ After determination of the pH each solution was illuminated 
and allowed to stand for 10 minutes at 25.0°. The action was stopped with 
9 volumes of methanol, and the carotenoid production was measured at 
615 and 664 my as before. The vitamin A formation was plotted against 
PH and is shown in Fig. 6. In this curve each point represents the vitamin 
A extracted from a separate, bleached preparation. ‘The values have been 
corrected for the density due to preformed vitamin A, 0.02 per 100 mg., 
which was determined by shaking an aqueous digitonin solution of rhodop- 
sin at pH 6.7 for a total of 15 minutes in the dark with two 5 ml. portions 
of petroleum ether. The activity of the vitamin A factor is seen to be 
maximum at pH 6.7 and falls to zero at about pH 5.5 and 7.9. The shoul- 
der on the acid side coincides with the appearance of turbidity on addition 
of the acid buffer. 

Precursor of Vitamin A—A solution of bleached acidic rhodopsin of the 
type shown in Fig. 2, Curve 2, gradually forms retinene from acid indicator 
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Fic. 6. Effect of pH on vitamin A formation per 100 mg., wet weight 


yellow. Such a solution was allowed to stand tor 4 hours after bleaching 
at 25°, by which time about three-quarters of the indicator yellow had been 
converted to retinene. The solution was then brought to pH 6 and mixed 
with an equal volume of fresh rhodopsin solution containing the vitamin A 
factor. After standing for 1 hour at 25° the bleached mixture was tested 
for carotenoids as usual. The retinene was found to have been completely 
removed, and the vitamin A density, 0.27 per 100 mg. of wet weight, was 
about that usually obtained from freshly prepared solutions at this pH. 
It therefore seems that the vitamin A factor can act on retinene. 

It is, however, equally clear that indicator yellow can also be converted 
to vitamin A in freshly bleached solutions. This raises the question of 
whether the conversion is direct or via retinene. If retinene is an inter- 
mediate, two possible modes of action of the vitamin A factor present 
themselves. In the first type, the vitamin A factor can be pictured as hav- 
ing a dual nature, catalyzing the transformation of acid indicator yellow 
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into retinene, and then converting retinene into vitamin A. The second 
possibility is that the accumulation of retinene inhibits the further conver- 
sion of acid indicator yellow to retinene, and that the vitamin A factor 
operates by removing the inhibition through the conversion of retinene to 
vitamin A. 

If the vitamin A factor catalyzes the formation of retinene from indicator 
yellow, one might expect a transitory increase in retinene formation im- 
mediately atter bleaching a vitamin A-active solution, compared with the 
retinene formation in an inactive solution. An active solution at pH 6.7, 
prepared according to “Methods,” was allowed to stand at 25° for 75 
seconds after the start ot bleaching. It was then treated with 9 volumes 
of methanol and analyzed for carotenoids. Vitamin A and retinene densi- 
ties of 0.14 and 0.05 per 100 mg. of wet weight were found. An inactive 
rhodopsin solution at the same pH and time after bleaching gave a corre- 
sponding retinene value of 0.08. Thus there is no present evidence that 
vitamin A formation is accompanied by catalysis of retinene formation. 

The second possibility, that removal of retinene accelerates indicator 
yellow fading, has also been briefly investigated. A bleached acidie solu- 
tion of rhodopsin at pH 3.9 was shaken violently for 20 minutes at 27° with 
10 volumes of petroleum ether. The resulting density of the aqueous 
indicator yellow at 470 my was found to be 10 per cent lower than the 
control, a similar solution shaken with nitrogen. ‘This difference is of 
dubious significance and does not support the view that the bleaching of 
indicator yellow is influenced by the removal of retinene. 

If we assume that indicator yellow is a precursor of vitamin A, the 
question arises as to whether the acid or basic form is the essential com- 
ponent. This is a difficult problem because of the probable existence of 
these two forms in an equilibrium mixture controlled by the pH. The fall 
in rate of vitamin A formation with rise in basicity toward pH 8 suggests 
that the acid form is the actual precursor of vitamin A. 

DISCUSSION 

The primary photoproduct of rhodopsin, transient orange, was considered 
by Lythgoe (5) to be the precursor of indicator yellow. The absorption 
spectrum of transient orange closely resembles that of the acid form of 
indicator yellow, as may be seen in Fig. 1. Lythgoe and Quilliam (3) er- 
roneously concluded that transient orange at 3° is distinguishable from 
indicator yellow by the failure of the former to act as a pH indicator. 
Actually acid indicator yellow at the same temperature proved to be simi- 
larly unresponsive to the addition of a neutral buffer, as may be seen in 
Fig. 7. The sluggish response of indicator vellow, like that of certain lab- 
oratory indicators (3), is probably an example of a secondary acid neutrali- 
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zation. This may lead to an inhibitory effect of cooling such as is found 
in the case of 4,4’,4”-trinitrophenylmethane in alkaline alcohol at —30° 
to —80°. When this solution is acidified, the blue color of the triphenylme- 
thide ion fades more and more slowly the lower the temperature, showing 
that a typical activated slow reaction is taking place; viz., the transforma- 
tion of the blue secondary base into a primary base (15). The neutraliza- 
tion of a primary base requires no energy of activation and therefore 
proceeds rapidly even at low temperatures. Although response to pH does 
not aid in distinguishing transient orange from acid indicator yellow, they 
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Fic.7. Curve 1, decomposition of transient orange at pH 7.13 and 3°, from Lythgoe 
and Quilliam; Curve 2, response at 450 mu of alum-pretreated, bleached digitonin ex- 
tract to the change of pH from 5 to 7, at 3°; actual densities are 0.1 of the scale at the 
left. 


are apparently different, since transient orange, unlike acid indicator yel- 
low, does not release retinene. 

The events in bleaching rhodopsin solutions can be correlated with the 
following three thermal processes distinguished by Wald (13): Thermal 
Component I, the absorption rises at 440 my in solutions below pH 7; 
Thermal Component II, the absorption falls at 480 my and rises below 439 
my, in solutions below pH 9; at a lower pH the maximum of bleaching and 
the node shift toward shorter wave-lengths; Thermal Component III, in 
fresh neutral solutions the absorption decreases at all wave-lengths. 

The interpretation of these processes in the light of present evidence 
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follows: Thermal Component I, acid indicator yellow is formed from tran- 
sient orange; Thermal Component II, transient orange forms indicator 
yellow; at a lower pH acid indicator yellow is formed and bleaches to 
retinene; Thermal Component III, in fresh neutral solution colorless vita- 
min A is formed. ? 

Little is known concerning the chemistry of these changes. Krause 
(4, 6, 7) has performed some interesting analyses on the visual lipides 
derived from bovine retinas, but, since he does not state that the animals 
had been previously dark-adapted, no conclusions can be drawn concerning 
the position of the lipides in the visual cycle. The formation of retinene 
apparently is not an enzymic process, since it has been observed in chloro- 
form solutions of its precursor (16). Chase and Hagan (17) have shown 
that the absence of oxygen is without effect on the spectrophotometric 
course of rhodopsin bleaching. 

The retinal factor which induces the formation of vitamin A exhibits the 
pH dependence, lability, and protein nature characteristic of enzymes. 
It is interesting, in this connection, to note that the conversion of synthetic 
retinene to vitamin A by a reductase in rat liver and intestinal mucosa 
has recently been reported (18). However, until evidence is offered in 
support of these sites of conversion, it can be equally well assumed that 
the actual formation of vitamin A took place in the retina. 


SUMMARY 


1. The primary photoproduct of rhodopsin, transient orange, is con- 
verted in a few minutes at 25° to a more stable lipide, indicator yellow, 
which is deep yellow in acid and almost colorless in basic solution. The 
change from the acid to the basie form is reversible, but very sluggish near 
0°. 

2. Acid indicator yellow in aqueous digitonin is converted in a few hours 
to the carotenoid, retinene. 

3. Fresh bleached solutions of rhodopsin form large quantities of vitamin 
A. 

4. Vitamin A formation is induced by a labile, probably enzymic factor 
active between pH 5.5 and 7.9, with maximum activity at pH 6.7. 
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BLOOD SUGAR AFTER INJECTION OF ACETOACETATE 


By HERBERT C. TIDWELL ann HELEN E. AXELROD 
(From the Department of Biochemistry, Southwestern Medical College, Dallas) 


(Received for publication, September 22, 1947) 


A number of investigators (1) have attempted to explain the decreased 
utilization of carbohydrate in conditions accompanying food intakes low 
in carbohydrate and high in fat. In the case of the formation of increased 
amounts of ketone bodies due to such conditions or to diabetes, Nath and 
Brahmachari (2) have attributed at least a part of the decreased utilization 
of carbohydrate to an inactivation of available insulin by these intermediary 
fat metabolism products. ‘‘Insulin-refractory’’ cases were explained in 
this way. ‘They also reported (3) that repeated injections of acetoacetic, 
§-hydroxy butyric, and pyruvic acids caused hyperglycemia in rabbits, with 
fasting values increasing from day to day after daily injections. 

We had previously noted (4, 5) that rats which had been on a low protein- 
high fat diet were much more susceptible to ketosis when fasted and that 
they also exhibited a decreased glucose tolerance. In view of the above 
findings, it seemed desirable to obtain additional information regarding 
the effect of the ketone bodies on carbohydrate metabolism in such animals. 
When rats instead of rabbits were used as the experimental animal, we 
failed to confirm the findings of Nath and Brahmachari. Instead of 
elevated blood sugar levels, hypoglycemia developed after the injection of 
very large amounts of acetoacetate. 


EXPERIMENTAL 


In the first experiment, female white rats averaging 250 gm. in weight 
were used to test the hyperglycemic effect of the injection of ketone bodies. 
Females were selected, since it is possible that ketosis may produce a more 
marked effect on their carbohydrate metabolism than on that of males (6). 
Allanimals of this study were fed a diet similar in composition to that previ- 
ously used (4), with 25 per cent casein and 15 per cent Crisco. The food 
was available for 24 hours to a part of the rats, to others for 7 hours, and 
to still others only 3 hours a day during the preliminary period of 2 weeks 
for establishing new teeding habits. The animals on each of these feeding 
régimes were divided into three groups. For blood sugar determinations, 
0.2 ee. of blood was milked trom the clipped tails of all these animals after 
18 hours fasting and at intervals of 1, 2, and 3 hours thereafter. After the 
fasting blood sample was taken, the first group was injected intraperi- 
toneally with 1 ec. of 1 per cent saline per 100 gm. of body weight the Ist 
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day, and then with 18 mg. of acetoacetic acid, in 1 cc. of saline solution 
adjusted to pH 7.3, per 100 gm. of body weight for the next 3 days. The 
second group received only the saline on all 4 days and the third group was 
not injected. Four samples of blood for sugar determinations were taken 
from each animal. All saline injections contained amounts of sodium 
equivalent to that in the acetoacetic acid. 

A second experiment was undertaken to study the effect of injected aceto- 
acetate upon endogenous insulin available for sugar utilization during 
glucose tolerance tests. Female rats averaging 220 gm. were used for the 
tolerance tests. Control values were obtained 1 week with glucose in 
saline and then with glucose in acetoacetic acid the following week. The 
first four animals received intraperitoneally 3.5 gm. of glucose per kilo in | 
per cent saline, followed by IS mg. of acetoacetie acid and the same amount 
of glucose per 100 gm. of body weight. The second group was treated in 
like manner, except that less glucose, 2.0 gm. per kilo, and twice as much 
acetoacetic acid were given them. 

A study to determine the effect upon the insulin-secreting mechanism of 
daily injections of acetoacetate in increasing amounts for an extended period 
was made in a third experiment. The same diet was fed to male rats 
averaging 230 gm. in weight. Blood sugar determinations were made as 
controls on the fasting levels and at 1 hour after the subcutaneous injection 
of 1 per cent saline at the start of the experiment. Similar determinations 
were made once each week, before and after the subcutaneous injection of 
acetoacetic acid or saline daily for 4 weeks. The initial injection of 18 mg. 
of acetoacetic acid per 100 gm. of body weight was doubled each week up to 
144 mg. the last week. ‘The controls received saline containing equivalent 
amounts of sodium. For comparison, the latter amount of acetoacetic acid 
or saline was injected for only 1 day in other animals (approximately 300 
gm.) and blood sugar determined during fasting and J hour after injection. 

All blood sugars were determined in triplicate by the method deseribed 
by Nelson (7). The acetoacetie acid injected was prepared by hydrolyzing 
ethyl acetoacetate with sodium hydroxide in the cold and adjusting finally 
to pH 7.3 with hydrochloric acid. Urine was collected for 6 hours and then 
the following 18 hours after all acetoacetate injections, and qualitative tests 
for ketone bodies were made by the nitroprusside method. The room 
temperature during these experiments was maintained at 26° + L°. 

Apparent differences in results were tested for significance by the ¢ method 
of Fisher (8), and only those having a P value of 0.01 or less were considered 
significant. 


Results 


The various feeding régimes of the preliminary period in the first experi- 
ment did not cause any apparent differences in the blood sugar levels of the 
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animals which had been divided into the three groups. Hence the data on 
all of the animals in each of these groups have been pooled. In all cases 
the initial concentration of the fasting blood sugar on the 3rd day after the 
acetoacetic acid injections were begun was significantly higher than the 
control values of the Ist day, as previously reported (3) for rabbits. This 
was also true for the average values, shown in Table I, on rats whether they 
received the keto acid, saline only, or no injections whatsoever. 

The acetoacetic acid injections did not significantly affect the blood sugar 
levels during the 3 hours following injection, although ketonuria of varying 


TaBLeE | 
Effect of Injection of Keto Acid and Treatment upon Blood Sugar Levels 
The animals were fasted 18 hours. They received the diet ad libitum during the 
remaining 3 hours after collection of blood samples each day. 1 cc. of 1 per cent 
saline or 18 mg. of acetoacetic acid per 100 gm. of body weight were injected after 
collection of the fasting blood sample. 


Fasting 1 br. 2 brs. 3 brs. 

me. mg. meg. 
1 10 Saline 78 + 2 799+ 1 80 + 3 73 + 2 
& + 80 + 2 822 3 82 + 3 81+ 3 
4 None 82 + 5 S542 5 85 + 5 78 + 3 
2 10 Keto acid 86 + 3 89+ 1 89 + 2 85 + 2 
8 Saline 88 + 4 91+ 4 88 + 5 87 + 4 
4 None 93 + 5 100 + 4 102 + 3 95 + 4 
3 10 Keto acid 92 + 1 92+ 2 95 + 3 92+ 3 
8 Saline 97+ 2 952 3 95 + 3 92+ 3 
4 None 97 + 3 93+ 9 91+ 3 90+ 1 
4 10 Keto acid 96 + 2 9+ 3 93 + 2 93 + 2 
s Saline 100 + 2 102+ 3 97+ 5 96 + 4 
4 None 100 + 5 94 + 10 95 + 2 95 + 4 


* + the standard error. 


degrees always ensued. ‘The injection of 18 mg. of acetoacetie acid per 100 
gm. of body weight was used because it did produce a definite ketonuria 
and, on a Weight basis, Was about twice as much as Nath and Brahmachari 
gave to their rabbits (2). : 

In the second experiment, the glucose tolerance was not significantly 
changed from the control values by the simultaneous injection of glucose 
and acetoacetic acid. A loss of some sugar in the urine and no appreciable 
change in the tolerance curves in the first animals suggested the use of less 
glucose and more acetoacetic acid. Both tests, summarized in Table IT, 
gave similar results. There was no indication that the injected ketone 
body had affected the endogenous insulin available for sugar utilization 
during these tests. 
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The results of the last experiment are given in Table III. The daily 
injection of from 18 to 70 mg. of acetoacetic acid per 100 gm. of body weight 


TaB_e II 
Effect of Keto Acid Injection on Glucose Tolerance 
The four animals in each group were fasted 16 hours. The glucose was dissolved 
in saline so that the amount injected would contain sodium equivalent to that in the 
acetoacetic acid solution (pH 7.3). 


— — 


Injection Blood Sugar*® 


Aceto- 
Glucose! acetic Fasting 4 br. 1 hr. 2 hrs. 3 hrs. 5 brs. 


— 100 gm. me. mg. me. me. me. ms. 


3.5 0 79+ 4 | 318 + 20 | 2264 27 | 1364 6); 1274 4/1] 10947 
3.9 1S 79+ 10 | 288+ 10 | 176 + 21 | 1364 13 | 1282 10} 103245 
2.0 0 722 161217 | 119+ 4] 1074 7! 1032 7] 88244 
2.0 36 3 | 169212] 1174 6] 1052+ 3 | 106+ 6] 9247 


* + the standard error. 


Tas_e [II 
Blood Sugar after Daily Injection of Keto Acid 


Control values on four animals were obtained after an IS hour fast and then 1 hour 
after the subcutaneous injection of saline. Acetoacetic acid was injected daily for 
4 weeks and corresponding sugar determinations were made at the end of each week. 


| Blood sugar* 
Food intak Changein | w.. :-:; Keto acid 
weight | injected 1 hr. after 
Fasting injection 
gm. per cent | mg. per cent meg. per cent 
| 0 0 76458 8047 
15.5 i“ 18 7542 | +3 
2 36 %| 72432 
10.0 0.0 3 72 71+ 0 68 + 3 
8.0 | 2.1 4 144 | 76+ 1 | 55 + 3 
| 76+ 2 75 +3 
| | U | 144 | 80 + 2 5st 4 


* + the standard error. 


during a 3 week period did not significantly change the blood sugar during 
fasting or | hour after injection. Subcutaneous injection was used to pro- 
long the period of absorption. After the injection of 144 mg. of the keto 
acid each day during the 4th week, a definite hypoglycemia did develop | 
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hour after the injection. However, in another group of animals, a similar 
hypoglycemia occurred after only one injection of the latter amount of the 
keto acid. This suggests that the quantity of the acid given was responsi- 
ble for the lowered blood sugar and not the repeated daily injections. This 
quantity appears to be between 70 and 140 mg. per 100 gm. when injected 
subcutaneously into the rat. 


DISCUSSION 


The effect of the intermediary fat degradation products, the ketone 
bodies, upon the secreting pancreatic cells and upon the insulin itself would 
appear to be of considerable importance in carbohydrate metabolism if the 
views of Nath and Brahmachari are correct. They presented evidence to 
show that the ketone bodies inactivated insulin, both in vitro and in vivo, 
and suggested that the keto acids might first stimulate the pancreatic cells 
and later cause lesions after fatigue through excessive work. 

It seemed possible that the hyperglycemic effect they obtained after 
repeated injections might be due to the use of a herbivorous animal, or to the 
short feeding period each day necessary for an 18 hour fast, since a marked 
change in the intermediary carbohydrate metabolism has been shown to 
occur after altered dietary habits (9). Also a limited intake of carbo- 
hydrate might explain its decreased utilization. In our study neither the 
injected keto acid nor the short feeding periods can account for the resulting 
hyperglycemia in the rat. It occurred in the uninjected animal after 
repeated daily sugar determinations, and normal values were obtained on 
the Ist day after some time on the 3 hour feeding régime. In contrast, 
quite similar blood sugar values were obtained when the determinations 
were made 1 week apart on the animal injected repeatedly (Table III). 

The failure of the acetoacetic acid to alter the glucose tolerance and the 
failure of its repeated injection over a 4 week interval to produce a hyper- 
glveemia do not appear to be compatible with an zn vitro inactivation of 
endogenous insulin. However, the hypoglycemia after injection of very 
large amounts of the keto acid might be explained by a stimulation of the 
secreting pancreatic tissue. Another interesting possibility is that of a 
sugar-sparing action of the ketone bodies, associated with decreased glyco- 
genolysis and lowered blood sugar level, since it has been shown that the 
rate of utilization of the ketone bodies is governed by their concentration 
in the blood (10) and that they are preferentially used in the presence of 
usable glucose (11). Also glycogen has been found to be stored in the heart 
in the presence of large amounts of administered ketone bodies.’ This 
study will be continued. 


‘Lackey, R. W., personal communication. 
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SUMMARY 


A daily hyperglycemia was found in the rat when injected with aceto. 
acetic acid for 3 consecutive days. The elevated blood sugar apparently 
was not caused by the ketone body, since the same results were obtained 
with saline or with no injections. Also blood sugar, before and after the ad- 
ministration of smaller amounts of the keto acid which had been given daily 
for 3 weeks, was normal if blood samples were taken only 1 day each week. 
The glucose tolerance was also unchanged by simultaneous injection of the 
ketone body. However, the administration of a large amount of aceto- 
acetic acid (140 mg. per 100 gm.) caused hypoglycemia even after a single 
injection. 

Our data do not support the view that insulin is inactivated by the keto 
acid. The hypoglycemia, after large amounts of the acetoacetate, is com- 
patible with a stimulation of the secreting pancreatic tissue, or a glucose- 
sparing action associated with a decreased glycogenolysis and hence a 
lowered blood sugar level. 
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DETERMINATION OF PLUTONIUM IN HUMAN FECES* 


By ELIZABETH MAXWELL, ROBERT FRYXELL, anv 
WRIGHT H. LANGHAM 


(From the Los Alamos Scientific Laboratory of the University of California, 
Los Alamos, New Mexico) 


(Received for publication, September 24, 1947) 


The toxic effects of plutonium on the human body depend on a consider- 
able number of physical and biological factors. One of the most important 
biological factors is the rate of elimination of plutonium from the body. 

The ratio of fecal to urinary excretion of plutonium by the rat is of the 
order of 10:1. This is, indeed, a favorable ratio. Preliminary information, 
however, indicates that the excretion ratio for the human is much less 
favorable. 

It is imperative that the fecal excretion of plutonium by the human and 
the ratio of fecal to urinary output be carefully determined. Information 
on these factors was extremely limited, partially because of the difficulty 
of analyzing human feces for extremely small amounts of plutonium. 

This report presents a relatively accurate and consistent method of 
analyzing human feces for trace amounts of plutonium and some of the 
experiences of this laboratory during the process of developing such a 
method. 


Methods 


Collection of Sample—Fecal specimens, representing from 1 to 4 days 
excretion, are pooled and completely emulsified in 2 m HCl by heating 
on a steam bath with rapid stirring. The weight of HCl used is about 
twice that of the feces. A suitable aliquot by weight is taken for analysis. 
The size of the aliquot chosen depends both on the expected radioactivity 
and on the total weight of the sample. In general, not more that 250 
gm. of the emulsified sample should be used in any one analysis. Two 
aliquots of each sample are analyzed. 

Ashing and Solution of Sample—The aliquot taken for analysis is trans- 
ferred to a large porcelain crucible and placed in an oven at 110°. When 
completely dry, after about 24 hours, the sample is heated over a Bunsen 
burner until a dark gray ash remains. When there is no further evidence 
of charring and ashing over the flame, the sample is placed in a muffle 


* This paper is based on work performed under contract No. W-7405-Eng-36 with 
the Manhattan Project at the Los Alamos Scientific Laboratory of the University of 
California. 
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furnace at 800° for 8 to 15 hours. The resulting ash varies in color from 
white to a reddish white. 

Solution of the ash has proved to be a rather difficult problem, and several] 
methods have been tried. The following procedure, however, has proved 
satisfactory. About 60 ml. of 4 m HCl are added to the crucible containing 
the ash. ‘The slurry is heated under an infra-red lamp for about 15 
minutes. The partially dissolved sample is transferred to a 200 ml. cen- 
trifuge bottle and the insoluble portion is centrifuged. The superna- 
tant is transferred to another 200 ml. centrifuge bottle. The insoluble 
portion is washed once with 4 mM HCl, the wash being added to the original 
solution, and is transferred to a platinum crucible. About 10 ml. of con- 
centrated HF are added, and the slurry is taken to dryness under an infra- 
red lamp. ‘The residue is taken up in about 5 ml. of 4 N HCl. The part 
still remaining undissolved is centrifuged and discarded. Many unsuccess- 
ful attempts were made to find an easy method of dissolving the residue. 
However, good recoveries have been obtained on feces samples with known 
amounts of plutonium added at the first step of the ashing procedure and 
carried through the entire process, in which the insoluble residue is dis- 
carded. It is, therefore, thought unnecessary to attempt to dissolve the 
residue and to include it in the final solution. 

Determination of Plutonium in Solutions of Feces Ash—A number of 
methods for determining plutonium in solutions of feces ash have been 
tried. These will not be described in detail, since they have all proved 
inferior to the method finally adopted. 

The first method attempted consisted of hydroxide precipitation fol- 
lowed by cupferron extraction. The chloroform phase from the extraction 
was wet-ashed to destroy the cupferron. Finally Lak; precipitation was 
earried out and the LaF; was transferred to a platinum plate and counted 
in an a-counter. This method was entirely unsatisfactory. 

Direct cupferron extractions were carried out on aliquots of ash solu- 
tions of various size. About 75 per cent recovery could be obtained from 
small aliquots. However, the size of the aliquot which could be tolerated 
seemed to vary from sample to sample and was too small to give adequate 
sensitivity. 

It was found that calcium oxalate precipitation carried reduced plu- 
tonium quite successfully. The addition of calcium to the ash solution 
is not necessary, as the natural calcium content of feces ash is adequate. 
A description of the method which was finally selected follows. 

The ash solution is adjusted to pH 0.4 to 0.7 with methyl violet indicator. 
1 ml. of 3 m hydroxylamine hydrochloride is added. The solution is heated 
under an infra-red lamp for about 2 hours to facilitate the reduction of 
plutonium. The pH is readjusted with the same indicator. 25 ml. of 
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0.8 m oxalic acid are added. A drop of ammonium hydroxide is sometimes 
necessary to start the precipitation. The solution is left standing over- 
night to insure complete carrying of the plutonium. The precipitate 
is centrifuged and washed once with 0.1 M oxalic acid. About 10 ml. of 
fuming HNO; are added, and the solution is taken to dryness under an 
infra-red lamp. ‘The residue is dissolved in 25 ml. of 2 m HCl and trans- 
ferred to a 125 ml. separatory funnel. 5 drops of 3 mM hydroxylamine and 1 
mg. of iron are added. The acidity of the solution is adjusted so that a 
bright green color is obtained with methyl violet indicator. After 4 hour, 
for reduction of the plutcnium, about I ml. of 6 per cent cupferron solution is 
added. Tour or five extractions with about 2 ml. of chloroform for each 
extraction are carried out. More extractions are necessary if all of the 


TABLE I 
Recovery of Known Amounts of Plutonium from Solutions of Artificial Feces* Ash by 
Calcium Oxalate-Cupferron Procedure 


Added | Recovered Recovered 
150 | 145 97 
150 | 140 93 
150 | 125 83 
150 131 87 


* A solution whose mineral composition was that which might be expected from 
a 50 gm. fecal sample. 


iron has not been removed from the aqueous phase. ‘The chloroform phases 
are collected in a 40 ml. Pyrex centrifuge cone. The cone is placed in a 
water bath and the chloroform evaporated. 1 ml. of concentrated HNO; 
and 1 ml. of 72 per cent HClO, are added to the residue. The cone is then 
placed in an oil bath at about 100°. The temperature of the oil bath is 
allowed to rise to about IS8O° over a period of | hour. At the end of this 
time about | ml. of a clear or straw-colored HCIO, solution remains. This 
is diluted to 5 ml. with distilled water. 2 drops of 20 per cent hydroxyl- 
amine are added and the solution allowed to stand $ hour. 200 y of Lat++ 
and 0.5 ml. of 27 m HF are added. The LaF’; precipitate is centrifuged, 
transferred to a platinum plate, and counted in an a-counter for 1 hour. 


Results 


Recovery by the above procedure has been tested by adding known 
amounts of plutonium to both artificial and actual solutions of human 
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TABLE II 


Recovery of Known Amounts of Plutonium from Solutions® of Human Feces Ash by 
Calcium Ozalate-Cupferron Procedure 


Added Recovered Recovered 

counis per min. counts per min. per cent 

150 127 85 

150 120 80 

150 117 78 

150 116 77 

150 119 79 

150 110 73 

100 82 82 

100 86 86 

Maximum deviation from mean........ 7.0 
Mean deviation from mean............:........... 3.8 


* The plutonium was added to the sample after the ashing procedure. 


TABLE III 
Feces Blank* Determinations by Calcium Ozalate Procedure 
Counts per min.t Deviation from mean Counts per min.t | Deviation from mean 

0.3 ! 0.63 1.9 | 0.97 
1.7 0.77 1.1 0.17 
0.6 0.33 0.9 0.03 
0.9 0.03 0.7 0.23 
1.6 0.67 0.6 0.33 
1.9 0.43 1.2 0.27 
0.5 0.43 0.9 0.03 
0.6 0.33 0.7 0.23 
0.5 0.43 0.9 0.03 
0.0 0.93 0.2 0.73 
0.77 0.5 0.43 
0.77 
0.5 0.43 
0.9 0.03 


—— 


* Samples collected from persons having never been exposed to plutonium. 
¢t Counts per minute. A counter background has been subtracted from each re- 
sult. The counting time for each sample was 2 hours. 


feces ash. The results are presented in Tables | and If. When known 
amounts of plutonium were added to a solution of the ash resulting from 
ashing a 50 gm. feces sample, the mean recovery was 80 per cent. The 
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maximum deviation from the mean was 7.0 per cent and the mean deviation 


was 3.8 per cent. 


TaBLE LV 


Recovery of Known Amounts of Plutonium from Samples of Human Feces by Calcium 


Pu added 


counts per main. 


Mean. 
‘ deviation from mean 


Maximum deviation trom mean. 


subtracted from each result. 


Pu recovered’ 


38. 
40. 
41. 
27. 
31. 
23. 


36. 


eS 


82. 


counts per min. 


Oxalale-Cupferron Procedure 


i 


Recovery 


= 


| 


8 w 


*A counter background and a blank value of 0.93 count per minute have been 


Feces samples were collected trom persons having never been exposed to 


plutonium. 


Analvsis of these blank samples by the calcium oxalate- 


cupferron procedure gave a small positive value even after correction tor 


the background of the a-counter. 


The data ure given in Table LILI. 


The 


by | | 
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18.2 | 

418.2 

48.2 | | 

43.2 

48.2 

| 418.2 

18.2 36 
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mean blank value was 0.93 count per minute, and mean deviation from 
the mean 0.42 count per minute. ‘This positive value may result from one 
or all of three factors: (1) @-activity in the feces as a result of the presence 
of naturally occurring a-emitters in the body and in the food consumed, 
(2) presence of naturally occurring a-emitters in the reagents, and (3) 
contamination of the sample during analysis. 

The results given in Table IV were obtained when known amounts of 
plutonium were added to aliquots of human feces samples before ashing. 
They, therefore, represent the over-all recovery. These data show a mean 
recovery of 80.3 per cent. The maximum deviation from the mean was 
32.0 per cent and the average deviation was 9.9 per cent. 


SUMMARY 


A detailed description is given of a method for determining plutonium 
in human feces. The essential features of the method are as follows: The 
dried sample is ashed in a muffle furnace and the ash dissolved in 4 m HCl. 
The reduced plutonium is carried from an aliquot of the feces ash solution 
with calcium oxalate. The calcium oxalate precipitate is digested with 
fuming HNO; and taken up in 4 mM HCl. Ferrie iron is added and the 
plutonium is extracted into CHCl; as the cupierride. The cupferride 
complex is destroyed with HCIO;. The plutonium is carried with LaF, 
transferred to a platinum plate, and counted in an a-counter. Results with 
solutions of both artificial and actual human feces ash show the recovery of 
plutonium by this method to be 80 per cent or better, with a mean devi- 
ation from the mean of 9.9 per cent. 
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ON THE NATURE OF THE PHOSPILORUS-CONTAINING LIP- 
IDES OF CABBAGE LEAVES AND THEIR RELATION TO 
A PHOSPHOLIPIDE-SPLITTING ENZYME CONTAINED 
IN LEAVES* 


By DONALD J. HANAHAN anv I. L. CHAIKOFF 
(From the Division of Physiology, University of California Medical School, Berkeley) 


(Received for publication, October 13, 1947) 


In 1927 Chibnall and Channon (1) isolated a phosphatidic acid from 
cabbage leaves. Although in the present investigation a similar compound 
was obtained from fresh cabbage leaves, it was found that when the cab- 
bage leaves were first subjected to steam treatment the phosphorus-con- 
taining lipide isolated was not a phosphatidic acid but one high in nitrogen 
content. These observations suggested to us that cabbage leaves, like the 
carrot (2, 3), contain an enzyme capable of splitting the phospholipide 
molecule at its ester linkage between the nitrogenous base and the phos- 
phoric acid grouping. Such an enzyme has been identified in cabbage 
leaves, and some of its characteristics are described here. 


Isolation of Phosphorus-Containing Lipides 


From Fresh Cabbage Leaves—The thick mid-ribs of cabbage leaves were 
separated and discarded. The remainder of the leaves was then finely 
ground and 1000 gm. of the ground material transferred to a round bottom 
flask. A sufficient amount of a 3:1 alcohol-ether solution was added to 
provide 3 cc. of solvent per gm. of cabbage. ‘The mixture was then refluxed 
for 12 to 14 hours at 55-60°. The solvent was decanted and filtered and 
the cabbage residue subjected to a second 14 hour extraction with the 3:1 
aleohol-ether solvent. By means of reduced pressure (40 to 60 mm. of Hg) 
and in the presence of an atmosphere of CQ, the combined extracts were 
concentrated at 55-60° to a volume of about 75 ee. The concentrated 
material was then reextracted several times with distilled petroleum ether 
(b.p. 30-60°) and the combined petroleum ether extracts brought to a 
volume of about 10 ce., this being carried out under reduced pressure and 
in an atmosphere of COQ,. The petroleum ether extract was carefully 
washed twice with 0.1 N HCl and then dried over NagSO,. To the dried 


* The research which this paper reports was undertaken in cooperation with the 
Committee on Food Research of the Quartermaster Food and Container Institute for 
the Armed Forces. The views or conclusions contained in this report are those of the 
authors. They are not to be construed as necessarily reflecting the views or indorse- 
ment of the War Department. 
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extract so obtained 2 to 3 volumes of acetone were added, and this was 
followed by the addition of several drops of a saturated solution of MgC}, 
in absolute aleohol. The precipitate that formed was washed repeatedly 
with acetone and then dissolved in a small volume of moist freshly distilled 
ethylether. The precipitation with acetone and MgCl, and the washing of 
the precipitate with acetone were repeated. The cabbage phospholipide 
obtained was dissolved in moist ethyl ether. 

The fresh cabbage used here had a phosphorus content of 0.20 per cent 
of its dry weight, over 98 per cent of which was soluble in a 3:1 alcohol- 
ether mixture. Hydrolysis with 10 per cent alkali of the cabbage residue 
obtained after two alcohol-ether extractions yielded a negligible amount of 
ether-extractable material. The yield of phospholipide from fresh cabbage 
leaves was approximately 0.3 per cent. 

From Steam-Treated Cabbage Leaves—Cabbage leaves trom which the 
mid-ribs had been removed were placed on a wire tray and exposed to 
steam for 10 minutes. The material was then cooled, finely ground, and 
transterred to a round bottom flask. The material was then extracted 
exactly as described above. The vield ot phospholipide trom steam- 
treated cabbage leaves was approximately 0.3 per cent. 

The cabbage residue obtained after two aleohol-ether extractions con- 
tained less than 2 per cent of the phosphorus present in the tresh cabbage 
leaves. Alkaline hydrolysis of this residue vielded only a negligible amount 
of ‘‘lipide” material. 

From Dehydrated Leaves-—2000 gm. ot tresh cabbage leaves trom which 
the mid-ribs had been removed were divided into two portions. One was 
steam-treated for 10 minutes, whereas the other portion was not exposed 
to steam. Both portions were then dehydrated at 60° for 10 hours. The 
final material contained approximately 10 per cent water. (Fresh leaves 
contain about 90 per cent water.) The dehydrated material was mixed 
with enough distilled water to raise its water content to 20 per cent; it was 
then finely ground and its phospholipides extracted as described above. 

The following methods were employed for the analyses of the isolated 
phospholipides. Phosphorus was determined by King’s method (4), choline 
by Glick’s method (5), and total nitrogen by the micro-Kjeldahl method. 
The total glycero,'.osphoric acid content was measured by Burmaster’s 
technique (6). The fatty acid content was obtained by alkaline hydrolysis 
of the phospholipide with 0.5 N alcoholic alkali, extraction of the acidified 
hydrolysate with petroleum ether, and subsequent evaporation and weigh- 
ing of the petroleum ether extract. Asa further check, the petroleum ether 
residue was dissolved in boiling alcohol and its fatty acid content deter- 
mined with 0.020 N alkali. Free fatty acids were measured by the Fair- 
bairn technique (7). 
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Some Characteristics of Phosphorus-Containing Lipides of Cabbage Leaves 


Approximately 90 per cent of the petroleum ether-soluble phosphorus 
obtained from leaves was precipitated by acetone and MgCl.. The phos- 
phorus content of the phospholipide so obtained was not altered by repeated 
precipitations from its ether solution. Moreover, the amount of nitrogen 
present in the acetone-soluble fractions was very low. ‘The isolated phos- 
pholipide was an amorphous, pasty substance which was soluble in petro- 
leum ether, moist ethyl ether, and chloroform. It was insoluble in acetone 
and only slightly soluble in absolute or 95 per cent alcohol. The phos- 
pholipides obtained trom steam-treated cabbage leaves were readily er..ul- 
sifiable by water; those prepared from untreated cabbage leaves were not. 


TABLE 
Composition of Phospholipides Obtained from Cabbage Leaves 


Batch I | Batch II 
Constituent  Steam- 
No Steam- Dehydrated 
treatment treated | at 60 | dehydrated 
| t 60° 

2.60 2.25 2.55 2.70 
N, %.. 0.68 1.42 1.26 1.65 
N:P, molal ratio | 0.57 1.38 1.06 | 1.30 
Choline, 0 3.90 4.40 
Choline: P, molal ratio... 0.44 0.13 | 0.41 
Glycerophosphorie aeid, ©, . | 14.6 | 12.4 14.7 | 14.4 


The composition of the various phospholipides isolated from cabbage 
leaves is shown in ‘Table 1. The phospholipides isolated trom raw and 
steam-treated cabbage leaves differed in their nitrogen content. The ones 
obtained trom the raw material had a lower nitrogen content than those 
from the steam-treated material. In keeping with our earlier observations 
on the carrot, we assumed that the phospholipide with a higher nitrogen 
content obtained from steam-treated cabbage leaves was the native phos- 
pholipide and that the one with the lower nitrogen isolated from fresh leaves 
resulted from enzymic action that occurred during the grinding and extrac- 
tion of the cabbage leaves. The existence of an enzyme capable of splitting 
nitrogen from the phospholipide molecule was therefore sought. 

Differences were also observed between the fresh and steam-treated cab- 
bage leaves and between the dehydrated and steam-treated dehydrated 
cabbage leaves in the fatty acid contents of their phospholipides. No ex- 
planation is offered for these differences. 
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Phospholipide-S plitting Enzyme in Fresh Cabbage Leaves 


Preparation of Crude Enzyme Extract—100 gm. of fresh cabbage leaves 
were ground and homogenized with 75 ec. of distilled water in a Waring 
blendor and the mixture allowed to stand at 5° for 1 to 2 hours. It was 
filtered through a Bichner funnel; the entire filtrate was then centrifuged, 
The supernatants or enzyme extracts used in the experiments described 
below were never older than 12 hours. 

Measurement of Enzymic Activity of Crude Extracts—An ether solution 
containing 100 mg. of soy bean phospholipide was transferred to a 50 ee. 
glass-stoppered volumetric flask and the solvent removed by evaporation 


TaBLeE II 
Specificity of Action of Crude Cabbage Extracts on Soy Bean Phospholipide 


Substrate, 400 mg. of soy bean phospholipide in 0.05 m PO, buffer at pH 5.6. This 
phospholipide preparation contained 250 mg. of fatty acid, 12.4 mg. of P, 5.10 mg. of 
N, and 16.0 mg. of choline. 


| Ether-soluble 
Constituent 
Original tion for 21 hrs. 
at 25° 
16.0 | 8.4 47 
Glycerophosphate P, mg... faseenl 11.8 | 11.7 0 
Bound fatty acids,* mg ............ et ae | 240 4 
Chotime: 0.32 | 0.15 


* Calculated as ‘‘oleic’’ acid. 


at 55-60°. The phospholipide was then mixed with 2.5 ce. of enzyme 
extract and 2.5 ec. of a phosphate buffer at pH 5.6, and the mixture vigor- 
ously shaken. 1 drop of chloroform was then added to the emulsified 
mixture as a preservative. The mixture was incubated at 25° for 2 hours. 
At the end of the incubation period, ethyl ether was added to the reaction 
mixture and the contents diluted to volume with ethyl ether and vigorously 
shaken. About 45 minutes were allowed for complete extraction. The 
ether-soluble and aqueous phases were then analyzed for nitrogen, choline, 
and phosphorus. The loss of ether-soluble nitrogen is the index of enzymic 
activity. 

Specificity of Action—The specificity of action of the cabbage enzyme is 
shown in Table II.!. It isapparent that choline is liberated, but the choline 

1 The period of incubation shown in Table II is 21 hours. For the determination 


of the pH curve and thermostability of the enzyme as described below the period of 
incubation adopted was 2 hours. 
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split off the phospholipide molecule does not account for all of the nitrogen 
lost. The choline liberated from the phospholipide molecules during the 
incubation was found in a free form in the aqueous phase. This indicates 
that no degradation of the choline per se had occurred during cleavage of 
the phospholipide molecules. All of the nitrogen lost from the phospho- 
lipides was also found in the aqueous phase. 

Table II shows that no glycerophosphorie acid was separated from the 
phospholipide molecule. Moreover, no increase in free fatty acids was 
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Fic. 1. Time-activity curves for phospholipide-enzyme mixtures in a 0.05 m 
phosphate buffer. 


noted. ‘The loss of the nitrogenous base is apparently the only degradation 
suffered by the phospholipide molecule through action of this enzyme. 

Kinetic Studics. Order of Rcaction—Time-activity studies for this 
enzyme system, both in buffered and in non-buffered solution, yielded 
curves representative of a monomolecular reactior. This is shown in Fig. 
1, where log (a—-c) is plotted against ¢, and where a represents the initial 
concentration of nitrogen in the intact phospholipide molecule, x represents 
the loss of ether-soluble nitrogen from the phospholipide, and ¢ represents 
time. 
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The values for the reaction constant ‘4, calculated trom the equation 
i; = 2.3/t log a/(a—.x), were found to be constant between 0.5 and 2 hours 
at 25° (k & 10° = 2.0); this indicates «a first order reaction between these 
two intervals. It is evident that the reaction proceeds much faster during 
the first 0.5 hour than during later intervals, when, as already noted, it 
follows a first order reaction. Although a nearly straight line plot of log 


(a—x) against time was obtained for incubation periods (at 25°) below 0.5 
hour, the values tor £ were not constant. This was unexpected, but it 
might be explained by a preferential splitting of one of the nitrogenous 
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Fic. 2. Enzyme activity at various pH levels. The results of two experiments are 
shown. 


bases. This reaction is quite tust, as evidenced by the finding that the 
amount of ether-soluble nitrogen cleaved in 2 hours was almost maximum 
(Fig. 4). ‘These results are surprising when compared to those observed in 
4 similar enzyme system identified recently in fresh carrots (3), which 
required 21 hours tor maximum cleavage. 

The cabbage enzyme system was more active at 25° than at 37° in a 0.05 
mM phosphate-buffered solution at pH 5.6. The same relation of tempera- 
ture to activity was reported for the similar enzyme isolated for the carrot. 
This could be due to the fact that the phospholipide emulsion is more easily 
broken at 37° than at 25°. 

In view of the above considerations a 2 hour incubation at 25° was 
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adopted as the standard procedure for the pH and thermostability studies 
described below. 

pH Activity Curve —The procedure outlined above was followed. Mix- 
tures of varying proportions of 0.10 m K.HPO, and 0.10 Mm KH2PO, 
and varying concentrations of H;PO, were used to prepare solutions with 
the desired pH. ‘The phospholipide-enzyme buffer emulsions were incu- 
bated at 25° for 2 hours. <A plot of the activity of this enzyme system at 
various pH values is shown in Fig. 2. Optimum activity was observed at 
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Fic.3. Thermostability curve. The results of two experiments are shown 


a pH range between 5.1 and 5.9. Little activity was found below pH 2.0 
or above 8.0. Decreasing the incubation to less than 2 hours did not alter 
the pH range tor the plateau, although the amount of activity was, of 
course, less than at 2 hours. 

A pH curve was also obtained with a 0.05 M acetate buffer. Its charac- 
teristics were identical with those observed in the phosphate buffer. 

Thermostability— 10 ec. aliquots of the crude enzyme extract were heated 
at constant volume for @5 minutes at temperatures ranging from 25-—100°. 
At the end of this time the extracts were immediately cooled to room tem- 
perature and the activity measured by the procedure outlined above. The 
results ot this experiment are shown in Fig. 3, where activity is plotted 
against temperature. 
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This enzyme system is quite thermostable; it retained 30 to 40 per cent 
of its activity despite having been subjected to a temperature of 100° for 
15 minutes. 

DISCUSSION 

The presence of an enzyme capable of attacking the linkage between the 
nitrogenous base and the phosphoric acid grouping of the phospholipide 
molecule accounts for the observed difference between fresh and steam- 
treated cabbage leaves in the nitrogen contents of their phospholipides, 
The activity of such an enzyme might explain the isolation of a phos. 
phatidie acid from fresh cabbage leaves by Chibnall and Channon (1), 
The treatment to which they subjected the fresh cabbage leaves before 
extraction of the phosphorus-containing lipides, namely repeated grinding 
and subsequent heating to 70°, is conducive to enzymic action. The heat 
stability of this enzyme lends further support to this conclusion. Thus 
the dehydration of the raw cabbage leaves at 60° (without previous steam 
treatment) for 10 hours resulted in only partial inactivation of the enzyme 


(Table I). 


SUMMARY 


1. The characteristics and composition of the phosphorus-containing 
lipides from raw and steam-treated cabbage leaves are described. 

2. The phosphorus-containing lipides isolated from raw and _ steam- 
treated cabbage leaves differed only in their nitrogen content; those iso- 
lated from raw cabbage leaves were characterized by a low nitrogen content 
and by an absence or low content of choline, while those isolated from 
steam-treated cabbage leaves were high in their nitrogen and choline 
content. 

3. A phospholipide-splitting enzyme capable of attacking only the 
nitrogenous base-phosphorie acid linkage is shown to be present in fresh 
cabbage leaves. This enzyme had its maximum activity in a pH range 
from 5.1 to 5.9 in a 0.05 mM phosphate buffer. It followed a first order reae- 
tion at 25° between 0.5 and 2.0 hours. The enzyme was quite thermostable, 
retaining 30 to 40 per cent of its activity after being exposed to a tempera- 
ture of 100° for 15 minutes. 
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CONCURRENT USE OF RADIOISOTOPES OF CALCIUM AND 
PHOSPHORUS IN THE STUDY OF THE METABOLISM OF 
CALCIFIED TISSUES* 


By W. D. ARMSTRONG anv CYRUS P. BARNUM 


(From the Department of Physiological Chemistry, University of Minnesota, 
Minneapolis) 


(Received for publication, October 18, 1947) 


Important results have been obtained with tracer isotopes, particularly 
radiophosphorus, in the study of calcified tissues. Tracer studies with 
calcium have, however, been limited by the scarcity of the only suitable 
radioisotope of calcium, namely Ca® with a half life of 180 days. The 
radiocalcium einployed in previous studies (1—4) and in the present investi- 
gation was prepared with difficulty by bombardment of calcium metal with 
deuterons in a cyclotron (1,2). At the present time it appears that insuffi- 
cent amounts of radioecalcium will be available from neutron-induced 
nuclear transformations in the uranium pile for use in extensive studies 
with intact animals (5). Because of these circumstances it is unlikely that 
experiments such as that described in this paper can be extended in the near 
future. For this reason the work is now reported in its present state of 
progress. 

Campbell and Greenberg (1) studied the distribution of Ca® in the 
tissues and excreta of a rat following the intragastric administration of the 
isotope as the lactate. Their findings of a nearly equal specific retention of 
Ca*® by bones and teeth (pooled incisors and molars) on a dry weight basis 
does not give the correct impression as to the relative rates of turnover of 
calcium by bone and dental hard tissues. No distinction was made 
between the continuously growing incisor teeth and the non-growing molars 
nor between the enamel and dentin. Also, the Ca® retentions were not 
recorded in relation to the calcium contents of the tissues. Incidental to 
another study Greenberg (4) examined the molar and incisor teeth of rats 
but did not separate the enamel and dentin of either type of teeth and again 
reported the results on a dry weight basis. The uptake of Ca® by the 
femurs was greater than that of the molar teeth but was less than that of 
the incisors. On a priori grounds it would be expected that dental hard 
tissues would exchange calcium to a lesser degree than bone, a situation 
which has been demonstrated with respect to the exchange of phosphorus 
labeled with P%? (6, 7). 


* Supported by grants from the Carnegie Corporation and the Graduate School of 
the University of Minnesota. 
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The experiments reported in this paper were carried out in order to 
obtain data which would allow a comparison of the turnover of calcium jp 
the normal calcified tissues and to compare in the same subject the turnover 
of calcium with that of phosphorus. To this end both Ca*® and P® were 
administered to the animal and a chemical separation of caleium and 
phosphorus effected before the radioactivity measurements were made. 


EXPERIMENTAL 


A solution contaiming C'ia® and P® was prepared by adding sufficient 
hydrochloric acid to a suspension of calcium lactate and sodium phosphate 
to dissolve the solids. 8 ec. of the solution containing about 0.6 & 10¢ 
counts per minute of Ca*® (122.3 mg. of Ca)! and nearly 9 & 10° counts 
per minute of P® (6.7 mg. of P) were administered to a male rat weighing 
238 ym. The svringe and stomach tube were washed and the Ca® and P® 
contents of the washings taken into account in the calculation of the actual 
administered doses of the radioisotopes. The animal was fed a normal diet 
and the urine and feces separately collected for 5 days, at the end of which 
period the animal was sacrificed and a blood sample obtained. 

The contents of the intestine were added to the feces. The animal was 
skinned and the femurs and teeth removed. The remainder of the careass 
(hereafter referred to as carcass residue) was ground in a food chopper and, 
with added water, converted into a suspension in a Waring blendor. Both 
epiphyseal ends of the femurs were cut off and the marrow removed from 
the diaphyses. The marrow, contained in a platinum dish, was extracted 
repeatedly with a mixture of alcohol and ether in equal parts. The 
epiphyses and diaphyses of the temurs were broken into fragments and 
extracted overnight in a Soxhlet apparatus with an aleohol-ether mixture. 
The molar teeth were pooled as one sample and the incisor teeth as another 
sample. After the teeth had been broken into bits and fat extracted, the 
enamel and dentin were separated by the method of Manly and Hodge (8). 
The serum proteins, after precipitation with trichloroacetic acid, were com- 
bined with miscellaneous fractions such as the red blood cells, the residue 
from the evaporation of the solvents of the aleohol-ether extractions, the 
fractions of the teeth not pure enamel or dentin, ete. “This mixture was 
treated as a separate sample labeled débris. All samples, other than the 
protein-free serum, were dried and ashed at 500° to constant weight. The 
ash of each sample was dissolved in hydrochloric acid and diluted to a 
convenient volume. From this point all samples were treated in a uniform 


manner. 
An excess of ammonium oxalate was added to an aliquot of the ash 


1 The large dose of calcium given the animal was necessitated by the low specifi 
ctivity of the preparation of Ca‘. 
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solution in a centrituge tube and the resulting precipitate centrifuged. 
Ammonium hydroxide was added to the supernatant liquid until the pH 
was about + (brom-cresol green) and the solution of the newly formed 
precipitate centrifuged, The pH of the supernatant liquid was then care- 
fully adjusted to 5 and the tube allowed to stand overnight and again 
centrifuged. The supernatant liquid and two washings of the precipitate 
were transterred to «a volumetric flask. The contents of this flask, after 
being diluted to volume, were used tor total phosphorus analyses and for 
p? measurements. 

The precipitate of calcium oxalate contained in the centrifuge tube was 
dissolved in hydrochloric acid and reprecipitated by the addition of am- 
monium oxalate at pH 5. The supernatant hquid was poured off,? the 
precipitate again dissolved, and the caleium precipitated a third time as 
the oxalate. This precipitate was dissolved in hydrochloric acid and made 
to a convenient volume for subsequent determinations of total and radio- 
calexum .* 

Phosphorus was chemically determined by the method of Fiske and 
Subbarow (9) adapted to the Evelyn photoelectric colorimeter. Radio- 
active phosphorus was measured with a dipping Geiger-Miiller counter 
tube (10) coupled to a variable sealing unit. Calcium was determined 
chemically by the method of Clark and Collip (11). Radioactive calcium 
was counted in precipitates of calcium oxalate with a modified Libby 
(12) sereen-walled counter. This counter tube was arranged so that a 
standard and a sample prepared in the same manner could alternately be 
brought under the sensitive region of the counter. In this way the activities 
of the standard and unknown were measured under identical conditions of 
counter characteristics. The background was determined, without 
opening the counter, by moving both samples away from the sensitive 
region of the counter. 

Aliquots of the calcium = solutions, atter the determination ot total 


* The supernatant liquids from the second precipitation of calcium oxalate from all 
samples except serum were examined for P®. These liquids contained, on an average, 
0.2 per cent of the P* present in the supernatant fluid and washings of the first pre- 
cipitation of calcium oxalate. It thus appears that essentially all of the phosphorus 
in the samples was present in the solutions employed for the analyses for total phos- 
phorus and P®?. 

‘Inanexperiment in which a large amount of the P®* was added to a solution of non- 
radioactive caleium it was found that the calcium oxalate after three precipitations 
contained 0.0001 per cent of the original P*#. It thus appears that the treatment 
described in the text effeetively separated the phosphorus from the calcium and 
assured that the observed activity of the calcium: oxalate precipitates was not due to 
the contamination with P*®. This probability is further inereased by the fact that 
the calcium was precipitated a fourth time (see the text) as the oxalate before the 
Ca’ was counted in the screen wall counter. 
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calcium, were taken so as to contain 8 mg. of calcium.4 Calcium oxalate 
was precipitated and collected by gentle suction on filter paper over 
aunitorm area and washed with water and with acetone and ether. After 
the ether had evaporated, the precipitate and paper were transiterred to 
the counting tube which was exhausted of air and left overnight in com- 
munieation with a contaimer of phosphorus pentoxide. 

All radioactivity measurements were corrected for the resolving time 
losses and were calculated to a given date. An effort was made to keep the 
statistical error of the radioactivity measurements to less than 2 per cent 
of the observed counting rate but this was not feasible in the case of the 
measurements of Ca*® in serum, femur marrow, molar dentin, and molar 
enamel because of the low activities observed. The reproducibility of the 
technique of Ca* determiration is indicated by duplicate determinations 
of the activity of the calcium in feces, which agreed within 2.8 per cent. 
Duplicate Ca*® determinations in the urine agreed within 2.2 per cent. 


RESULTS AND DISCUSSION 


Of the administered radioisotopes 91.2 per cent of the Ca® and 95.1 per 
cent of the P*® were recovered in the tissues and excreta of the animal. 
The lower recovery of Ca*® is possibly to be accounted for by the losses in 
the multiple precipitations of calcium oxalate. The feces contained 64.5 
per cent of the administered Ca*® and 33.2 per cent of the P*. The urine 
contained 2.05 per cent of the administered Ca® and 7.42 per cent of the 
P*. The large fecal output of both of the radioisotopes is probably a 
result of the very large amount of calcium which had to be administered. 
Campbell and Greenberg (1) who were able to give much less calcium as the 
lactate, with a higher specific activity than that employed in this study, 
found orly 10.8 per cent of the isotope in the feces of a rat. 

The results obtained with the tissues and fractions of the body are 
shown in Table I. Lecause of the unequal exeretion of the isotopes and be- 
cause of their unequal recoveries these data are not referred to the ad- 
ministered doses of the isotopes but are recorded as the actual recovered 
activities found in the several fractions of the animal and in the body as a 
whole. In the columns headed “Relative specific activity” the specific 
activities (7.e. counts per minute per mg. of P*! or Ca‘) of the various frac- 
tiors are compared with the average specific activities of these elements in 
the body. 

The results presented show that the uptake and retention of both P® and 


‘In certain cases such as serum calcium, bone marrow calcium, and standards it 
was necessary to add normal calcium to the solution to make the total 8 mg. before 
precipitating the calcium oxalate for counting. 
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Ca*® by calcified tissues stand in the following decreasing order:’ bone 
marrow, skeletal epiphysis, skeletal diaphysis, incisor dentin, incisor 
enamel, molar dentin, and molar enamel. The higher uptake of the 
radioisotopes by the fractions of incisor teeth than by those of molar teeth 
is due in large part to the fact that the incisor teeth of the rat in contrast to 
the molar teeth are organs of continuous growth and eruption. The tracer 
isotopes present in the molar teeth were acquired by exchange of normal 
isotopes of the elements for the labeled isotopes. The incisor enamel and 


TABLE 


Radiophosphorus and Radiocalcium Contents of Fractions of Rat Carcass 


Phosphorus | Calcium | Ratio of 
Total Pin| | Specie | | | | tom of Pa 

| activity | fraction | of Ca* | activity 
me. | | per cent | me. | per cent 
Skin and hair. . | 37.0 | 6245.3} 168 | 5.9} 100.1 | 163 1.03 
Carcass residue ”..... 1090.8 | 3763.1 | 101 | 2030.3 | 63.5 103 0.98 
Serum... | 0.05} 3494.3; 94 | 0.14) 84.2 137 0.68 
Femur marrow 0.56) 5325.0} 143 | 0.60) 55.7 | 91 1.57 
epiphyses....| 16.3 | 2927.7| 80 | 38.9] 56.7 92 0.86 
diaphyses....| 56.8 | 2785.2| 75 | 150.9{| 50.6 82 0.91 
Incisor dentin... ...| 18.4 | 1940.9| 52 | 37.9] 33.8 55 0.94 
enamel......| 992.4, 27 | 16.4 | 27 1.00 
“enamel ‘ai 2.71 BOY 
Débris 12.9 | 2907.1 | 4.6 16 0.67 
Total body.......| 1245.7 | 3712.5 | 100 | 2316.4| 61.4 | 100 | 1.00 


* Counts per minute per mg. of P. 
t Ratios of relative specific activities of P*? and Ca*. 


dentin acquired the tracer elements by the same process of exchange and 
also by deposition of newly formed mineral phase from a medium containing 
the radioelements. 

The figures given in the last column of Table I are not a measure of the 
absolute relationship of P** and Ca® uptake. Knowledge as to the number 
of phosphorus atoms turned over in relation to the number of calcium 
atoms turned over cannot be obtained from this experiment because there 
isno way of knowing the manner in which the specific activity of the plasma 
inorganic phosphate and ionized calcium varied with respect to one another. 
These calculated results do afford a comparison of the relative uptake of 


‘Except for Ca* uptake in marrow and epiphysis which was nearly identical. 
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METABOLISM OF CALCIFIED TISSUES 


P* and Ca*® by the tissues studied in relation to the average distribution of 
the isotopes throughout the body. Since the apatite mineral phase js 
essentially the same in all calcified tissues (13, 14), the difference in rates 
of exchange of caleium and phosphorus is probably due to physiological or 
structural factors which produce differences in rates of migration of calcium 
and phosphate ions into the various calcified tissues. A suggestion that 
such factors operated is seen from the fact that the relative uptake of P# 
to Ca® by the calcified tissues stands in an inverse relationship to the order 
of the uptake of the radioelements. 


SUMMARY 


Methods have been presented tor the separation of radiocalcium and 
radiophosphorus in tissues which allow the concurrent use of these isotopes. 
The uptake and retention of both radiocalcium and radiophosphorus by 
calcified tissues stand in the following decreasing order: femur marrow. 
femur epiphysis, femur diaphysis, incisor tooth dentin, incisor tooth enamel, 
molar tooth dentin, and molar tooth enamel. Evidence has been presented 
that under conditions tn vivo calcified tissues do not all exchange calcium 
and phosphorus in the same proportion. 


We wish to express our thanks to Dr. D. M. Greenberg who generously 
shared his supply of radiocaleium with us and to Dr. E. O. Lawrence who 
donated the radiophosphorus used in this study. 
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THE COMBINATION OF ORGANIC ANIONS WITH SERUM 


IV. STABILIZATION AGAINST UREA DENATURATION 


By EDWARD L. DUGGAN®* anno J. MURRAY LUCK 


(From the Biochemical Laboratory, Department of Chemistry, Stanford 
University, California) 


(Received for publication, September 22, 1947) 


Recent investigations have shown that sodium caprvlate and related com- 
pounds have great influence upon thermal stability (1-3), electrophoretic 
mobility (4), rate of papain digestion (5), and urea denaturation (6-8) of 
bovine and human serum albumin. ‘The combination of certain organic 
anions With native bovine albumin has recently been investigated by the 
equilibrium dialysis technique by Klotz et al. (9) and Teresi and Luck. 

The present investigation is an extension of the work of Boyer et al. (7) 
on urea denaturation. A number of compounds of related structure have 
been examined for ability to prevent the viscosity rise which occurs when 
a mixture of albumin and 6M urea is allowed to stand at room temperature. 


EXPERIMENTAL 


Amorphous and crystalline bovine serum albumin were employed in most 
of the experiments. ‘These albumin preparations were obtained from the 
Armour Laboratories through the courtesy of Dr. J. D. Porsche. Many of 
the compounds were previously used in the cloud point studies (3). Com- 
pounds were Eastman highest purity or the equivalent. ‘The hexylmalonie 
acid was synthesized by Dr. Mark Neuhot according to the method of Dox 
(10). Its melting point and equivalent weight were 104° and 95.4 respec- 
tively. All compounds were used as their sodium salts. 

The Ostwald tvpe viscosimeters used were permanently clamped on a 
brass support which fitted in vertical position in an aquarium type water 
bath. Unusual precautions were observed to keep the viscosimeters clean 
and all solutions tree of particulate matter. After use, the viscosime ters 
were immediately cleaned with Nacconol N. R. 3S. F. or Dreft solution, 
followed by thorough rinsing with dilute acetic acid and with water. The 
bank of viscosimeters was then inverted and a stream of dry air directed 
through them. An infra-red lamp increased the speed of drying. The 
viscosimeters used had water flow times of 60 to 90 seconds at 30°, with 


*Present address, Division of Biochemistry, University of California Medica! 
School, Berkeley. 
! Teresi, J. D., and Luck, J. M., unpublished. 
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capillary lengths of 10 em. and diameters of approximately 0.5mm. With 
5 ml. samples, the heads of pressure were 12 to 16 em. of water. 

The bovine albumin was prepared in a concentrated stock solution by 
long stirring with distilled water, followed by the slow addition of 1 x 
NaOH until all the albumin had dissolved and the pH of the 2) per cent 
solution was 7.5 to 7.7. Later it was found that the vacuum reconstitution 
of albumin was more convenient, vielding 20 per cent solutions in distilled 
water, which then were adjusted to the pH values indicated. ‘This method 
consists of pumping the air from the container of the dry albumin and water 
with a vacuum pump, then mixing the powder and water Just before release 
of the vacuum. If a few clumps of albumin remain, they may be broken 
up by application of a vacuum for an instant, although some foaming occurs 
at this time. The remaining albumin quickly dissolves if the solution is 
now stirred. Solutions of erystalline bovine albumin prepared in this way 
are clear even before addition of base. This method of stock solution 
preparation was used for the work with ervstalline albumin and for the 
stock solutions used in the intrinsic viscosity determinations. 

After pH adjustment, the stock solutions were filtered under pressure 
and diluted to 20.0 per cent by weizht? on the basis of dry weizht deter- 
minations. ‘The drying was carried out at 105° for 24 hours. Fresh al- 
bumin solutions were prepared every 10 days and stored in the cold room. 

Mixtures of 9 M urea, phosphate buffer of pH 7.5, sodium chloride, water, 
and the substance under investigation were prepared. After mixing, the 
desired volume of stock albumin was added to each solution. Final solu- 
tions were stirred magnetically and set aside for 24 hours at room tempera- 
ture. 5 ml. samples of each solution were measured into dry viscosimeters 
in a water bath at 30.0°. 15 minutes later the flow times were measured 
to the nearest 0.1 second. Except in specific instances the sodium chloride 
concentration was kept at 0.01 mM. The usual ionic strength (I'/2) due to 
phosphate buffer and sodium chloride was 0.08. 

RESULTS AND DISCUSSION 

The results obtained with a series of aromatie carboxylates are given in 
Fig. 1. Since the experiments with amorphous albumin served to indicate 
the compounds of special interest for later studies with erystalline albumin, 
the curves are drawn through points uncorrected for the increased viscosity 
of the medium due to the indicated organic salts in the absence of protein. 
The curves would each be lowered about 1 per cent at 0.02 Mm and 7 per cent 
at 0.06 m if these corrections were applicd. 

Benzoate and acetyltryptophan raise the viscosity of the system above 


2? The concentration of albumin in the various experiments is given in per cent, 
which in this instance means gm. per 100 ml. of solution. 
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the control? at all concentrations above 0.02 mM. The introduction of nitro 
or hydroxy! groups into the benzene ring leads to compounds with ability 
to keep the viscosity of the system below that of the control.2 For com- 
parison, the portion of the caprylate curve in this viscosity range is included. 
It should be mentioned that benzoate and the salicvlates have been used 
in experiments with crystalline bovine albumin (see Fig. 4). In the latter 
experiments, benzoate is as active as phenyl! acetate in preventing the rise 
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CONCENTRATION OF COMPOUND 


Fic. 1. The influence of various aromatic anions upon the urea denaturation of 
bovine serum albumin. Al! solutions contained 6 M urea, 001 Mm NaCl, and 2.1 per 
cent bovine serum albumin. ‘The viscosity values are relative to 6 M urea containing 
saltand buffer. Curve I, sodium caprylate (given for comparison); Curve II, sodium 
acetyl salicylate; Curve III, sodium salicylate; Curve IV, sodium 3,5-dinitrobenzo- 
ate; Curve V, sodium m-nitrobenzoate; Curve VI, sodium benzoate; Curve VII, 
sodium acetyltryptophan. 


of viscosity. No explanation is offered for this divergence, except that the 
crystalline albumin contains less contaminating globulin. 

The results for a series of sulfonates are included in Fig. 2. These data 
are also from experiments with amorphous albumin and the points have 
not been corrected for the viscosity rise with increasing concentration of 
organic salt in the organic salt-urea svstem. Sodium benzenesulfonate and 


*The control solution is the mixture of albumin, 0.01 m NaCl, 0.01 m phosphate 
buffer, and 6 m urea, but free of added organic salt. Such solutions yield relative 
viscosity values which are plotted upon the relative viscosity axis in the various 


figures. 
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disodium sulfosalicylate are seen to raise the viscosity of the system 
markedly. Valeryl sulfonate and sulfanilate have little or no etfeet.  4- 
Chlorobenzenesulfonate and 2,5-dichlorobenzenesulfonate lave increasing 
ability to keep the viscosity of the svstem below that of the control Sey- 
eral of these substances have also been studied with crystalline albumin, 

Fig. 3 presents the viscosity data for acetate, chloride, and the chloro- 
acetates. Mach viscosity value is calculated with reterence to the protein- 
free system as the standard. The chloroacetates are able to keep the 
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CONCENTRATION OF COMPOUND 


Fic. 2. The influence of various sulfonates upon the urea denaturation of bovine 
serum albumin. All solutions contained 6 ™ urea, 0.01 Mm NaCl, and 2.1 per cent 
bovine serum albumin. ‘The viscosity values are relative to 6 M urea containing the 
salt and buffer. Curve I, sodium 2,5-dichlorobenzenesulfonate; Curve II, sodium 
p-chlorobenzenesulfonate; Curve III, sodium valery! sulfonate; Curve IV, sodium 
sulfanilate; Curve V, disodium sulfosalicylate; Curve VI, sodium benzenesulfonate. 


viscosity of the systems containing crystalline bovine albumin below that 
of the control. At concentrations above 0.05 Mm, trichloroacetate keeps 
the viscosity of the system below 1.20. The relative viscosity at 0.11 M 
trichloroacetate approaches 1.10, the value estimated to represent the 
system, native albumin-6 Murex. Monochloroacetate and dichloroacetate 
are seen to be less effective in keeping the viscosity at low values. 

The corrected viscosity data for benzoate and various related compounds 
are presented in Fig. 4. The system is identical with that of the experi- 
ments recorded in Fig. 3. It is apparent that benzoate and phenyl! acetate 
have much the same effect, while phenyl] butyrate is as effective as capryl- 
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aic. The modified benzoates, salicylate and acetyl! salicylate, have greater 
effects than benzoate at any chosen concentration. The benzoate deriva- 
tives and pheny! acetate require concentrations of 0.08 m or greater to keep 
the viscosity of the system below 1.20. Cinnamate (pheny! acrylate) is 
seen to have stabilizing properties intermediate between those of phenyl 
acetate and phenyl butyrate. The compound, hexyl malonate, which 
possesses a structure related to caprylate, except that two carboxyl groups 
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Fic. 3. The influence of anions of related structure upon the urea denaturation of 
bovine serum albumin. All solutions contained 6 m urea, 0.01 « NaCl, and 2.1 per 
cent crystalline albumin. The viscosity values are relative to solutions containing 
all components except protein. Curve I, sodium trichloroacetate; Curve IT, sodium 
dichloroacetate; Curve III, sodium monochloroacetate; Curve IV, sodium chloride; 
Curve V, sodium acetate. 


are present at one end of the molecule, is seen to be almost as effeetive as 
caprylate. This compound is an exception to the observation that divalent 
anions do not stabilize. 

Fig. 5 presents the viscosity relationships for the interactions between 
albumin and sodium dodecyl sulfate (SDS) in the presence and absence of 
6Murea. For purposes of comparison all the corrected relative viscosities 
were recalculated with respect to distilled water as a standard. When 
necessary (6 mM urea solutions), a constant density correction was applied. 
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Thus density changes due to the inclusion of the albumin or to the increas- 
ing SDS concentration were neglected. 

The original experiments were carried out to determine the effect of a 
known denaturant upon the viscosity of the albumin-urea system.  For- 
tunately concentrations of dodecyl sulfate were chosen which indicated the 
minimum in the bovine albumin curve (see Curves [Va and IVb, Fig. 5), 
Curves II and 1Va are analogous in that both represent viscosity changes 
for amorphous bovine albumin. Curve II indicates the changes which 
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Fic. 4. The effect of various aromatic anions upon the urea denaturation of bovine 
serum albumin. All! solutions contained 6 m urea, 0.01 Mm NaCl, and 2.05 per cent 
crystalline albumin. The viscosity values are relative to solutions containing all 
components except protein. Curve I, sodium phenyl butyrate; Curve II, sodium 
caprylate (for comparison); Curve III, disodium hexyl malonate; Curve IV, sodium 
cinnamate; Curve V, sodium acetyl] salicylate; Curve VI, sodium salicylate; Curve 
VII, sodium pheny! acetate; Curve VIII, sodium benzoate. 


occur with an increasing concentration of dodecyl! sulfate when no urea is 
present. Curve [Va presents the data for the 6 mM urea system. It is 
interesting that the viscosity of the aqueous system (Curve II) did not 
begin to increase at dodecy] sulfate concentrations at which the protection 
against urea denaturation is evident. The minimum for Curves 1Va to 
IVe is evidenced at a dodecyl sulfate concentration corresponding to a 
mole ratio of 8 or 9 moles per mole of albumin. After that concentration 


is exceeded, the viscosity of the system rises steeply to points much higher 


than the control (no SDS). The curve for amorphous human albumin is 
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remarkably similar to that of the bovine, except that the control begins at 
a lower relative viscosity (1.9 rather than 2.3). Thus each of the curves has 
a minimum viscosity at 0.0025 m SDS and a characteristic point where the 
viscosity is identical with that of the solution lacking SDS. The human 
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CONCENTRATION OF SODIUM DODECYL SULFATE 


Fic. 5. The effect of sodium dodecy!] sulfate (SDS) upon the urea denaturation of 
human and bovine serum albumin. Curve I, SDS in water; Curve II, SDS in 2.1 
per cent bovine albumin solution (amorphous preparation); Curve III, SDS in 6 m 
urea solution; Curve IVa, SDS in 6M urea containing 2.1 per cent amorphous bovine 
albumin; Curve IVb, SDS in 6 M urea containing 2.1 per cent crystalline bovine 
aloumin; Curve IVec, SDS in 6 m urea containing 2.1 per cent amorphous human 
albumin. All relative viscosity values of Curve II were calculated with respect to 
water containing the same concentration of SDS. The viscosity values of Curves 
IVa, IVb, and 1Ve are corrected for the viscosity increment due to the SDS present. 
The viscosity values plotted for Curves III and IV were corrected for the increased 
density of the 6 m urea solution. 


albumin system reaches this point at 0.011 mM SDS (mole ratio = 39:1), 
while the curve for crystalline bovine albumin reaches this point at 0.020 
MSDS (mole ratio = 69:1). 

Neurath and Putnam (11, 12) found that equine albumin formed several 


discrete complexes with dodecy! sulfate at pH 6.7. The first complex, at 


| 
| VA 
ff 
| 1.6 
© 
J) 
| 
| 


212 SERUM ALBUMIN. IV 


a mole ratio of 55:1, exhibited an intrinsic viscosity identical with that of 
the native albumin. A second complex of increased intrinsic Viscosity was 
evident when the mole ratio of detergent to albumin was increased to 110:1, 
These workers assumed, because of the lack of precipitability of the barium 
salt of dodecyl! sulfate, that the detergent was completely bound until the 
mole ratio of 110: 1 was exceeded. Similar complex formation between egg 
albumin and alky! sulfonates or sulfates has been investigated by Lundgren 
and coworkers (13-15), using several experimental techniques. The data 


RELATIVE VISCOSITY 


04 .OSM 
CONCENTRATION OF COMPOUND 

fic. 6. The comparative effects of several ‘‘stabilizing’”’ anions upon the urea de- 
naturation of bovine serum albumin. All solutiofs contained 6 m urea, 0.01 m NaC], 
and 2.1 per cent crystalline bovine albumin. The viscosity values are relative to the 
6 M urea containing the salt and buffer. Curve I, sodium 2,4-dichlorophenolate; 
Curve II, sodium caprylate; Curve III, sodium picrate; Curve IV, sodium dodecy! 
sulfate; Curve V, sodium trichloroacetate. 


in Fig. 5 would seem to indicate that less than 9 moles of SDS are bound by 
each molecule of human or bovine albumin to form a complex which is 
stable toward the denaturing action of urea. 

Fig. 6 presents comparative data for the compounds most effective in 
preventing the viscosity rise in the albumin-urea system. The curves for 
sodium picrate and sodium dichlorophenolate have not appeared in the 
previous figures. It is well to consider picrate more fully, since compara- 
tive data were obtained in the amorphous bovine albumin-urea system for 
several related compounds. Picrate was found to be the most effective 
nitrophenolate, the other compounds giving curves similar to those of 
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sulievlate or benzoate. The compounds investigated were those having 
4 nitro group in the 2, 3, or 4 position, or in the 2 and 4 positions. ‘The 
2,.4-dinitrophenolate was the most effective of these compounds.  Diso- 
dium flavianate, which has sulfonate and nitrophenolate groupings, was 
almost without effect on the viscosity of the system up to 0.02 mM. The low 
solubility of these compounds makes it difficult to reach high ratios of com- 
pound to albumin, at least when the albumin is maintained at 2 per cent 
concentration. Another complicating factor is that of the variance in pk 
values for these compounds. The pK values for these nitrophenolates 
vary from 8.3 tor the meta (3-) compound to less than | for picrate. Sta- 
bilization is not simply a function of pk (7.e., of the actual anion concen- 
tration), since 2,6-dichlorophenolate (pI 6.8) is a stabilizer, while 2- 
nitrophenolate (pIx 7.1) or 2,4-dinitrophenolate (pI< 4.1) is not effective 
in equivalent concentrations. There is an increase in the apparent pH of 
the urea-albumin solutions as increasing amounts of such salts of weak acids 
are introduced, since the ionic concentration of dihydrogen phosphate 
is of the order of 0.005 om, but at 0.01 mM concentration of dichlorophenolate, 
for example, the pH increase would not account for the prevention of vis- 
cosity rise. 

The curves in Fig. 6 show similar behavior in approaching nr = 1.1 asa 
limiting value, except the curve for dodecy! sulfate which reverses direction 
above 0.05 mM concentration. The compounds may be compared according 
to the concentration needed to maintain the viscosity of the albumin-turea 
system below 1.15 or 1.20. Dodecyl sulfate is seen to require the lowest 
concentration ratio (moles per mole), followed by the other compounds as 
listed in Table I. Sodium laurate, with a chain length close to that of 
dodecyl! sulfate, follows the phenyl butyrate curve up to 0.04 mM concentra- 
tion, after which its curve rises steeply. Above 0.04 m concentration, such 
solutions show increasing opalescence, and so the viscosity data above that 
concentration are uncertain. 

A number of other compounds have been investigated for their ability 
to prevent the normal viscosity rise in urea-albumin solutions. Polymer- 
ized metaphosphate (Calgon), oxalate, adipate, phthalate, and sulfosaliey]- 
ate increase the viscosity of the svstem above that of the control (urea- 
albumin solution without added organic salt). “Che rise in relative viscosity 
at a particular concentration of organic salt is greater than that expected 
from the viscosity increments shown by the organic salt in protein-free 
urea solutions. Butyrate and valery! sulfonate change the viscosity of the 
system inappreciably. Phenoxvacetate and hippurate had little or no effect 
upon the viscosity of the system, contrary to what one might expect if it 
were assumed that a certain chain length following a carboxyl group was all 
that was required to prevent the viscosity rise of the albumin-urea solution. 
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The introduction of sodium chloride, sufficient to increase the concentra- 
tion to 0.21 m rather than 0.01 M, leads to a higher relative viscosity in the 
control solution (1.84 compared to 1.59) but does not modify the location 
or shape of the curves for caprylate or trichloroacetate. 


TABLE I 
Comparison of Compounds for Ability to Prevent Viscosity Increases Due to Urea 
Denaturation 
Mole ratio® of compound-albumin at| — Cloud point 
Compound temperature 
71.20 | ap = 1.18 | = 1.12 | (mole ratio, 7:1) 
Sodium dodecyl sulfate............... 4 6 7 72.5¢ 75.7% 
2, 4-dichlorophenolate........ 27 2 35-60 
wee 34 53 S5 69t 
Disodium hexyl! malonate... 109 157 66§ 
Sodium cinnamate........ 127 
trichloroacetate.. 232 323 67t 71t 
‘ss palicylate...... 224 680 
249 324 
‘¢ monochloroacetate.......... 6S} 


* The value for molar concentration of albumin was calculated from the known 
concentration of crystalline bovine albumin and the molecular weight of 70,000. 
The molar concentration of a compound at the indicated ng values was obtained by 
interpolation of the corrected viscosity-concentration curve. 

+ 25 per cent crystalline human albumin containing 0.15m NaCl. The cloud point 
of the albumin-salt mixture (lacking organic salt) was 64°. 

t 15 per cent crystalline bovine albumin containing 0.15 mM NaCl. The cloud point 
of the albumin-salt mixture (lacking organic salt) was 67.5°. 

§ 15 per cent human albumin containing 0.15 mM NaCl. The cloud point of the 
albumin-NaCl mixture was 65°. 


Intrinsic Viscosity Determinations—The slope of the curves of relative 
viscosity versus albumin concentration for low concentrations of protein 
is of more significance than the relative or absoiute viscosities of a constant 
albumin, variable “stabilizer”? concentration system. However, the curves 
given in the previous figures are necessary preliminaries to determine the 
compounds and concentrations for further investigation. The experi- 
mental work and treatment of the data obtained follow the treatment given 
by Neurath and Putnam (12). These workers determined curves for rela- 
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tive viscosity versus total solute concentration for several mixtures of do- 
decyl sulfate and equine albumin in aqueous buffer solutions. 

The estimation of intrinsic viscosity values required the determination 
of relative viscosities at several albumin concentrations, a constant mole 
ratio of organic salt to albumin being maintained in each series. The pro- 
cedure consisted of mixing the stock albumin solution and sodium dodecyl 
sulfate solution in desired proportions. This mixture was then added to 
the urea-bulfer-salt mixture to attain the desired concentrations of urea and 
sodium chloride, together with a known concentration of albumin. The 
mole ratio of SDS to albumin remained constant, although the actual con- 
centration of both diminished together. 

Fig. 7 presents several curves which yield intrinsic viscosity values as the 
intercept on the ordinate axis. “The terminology and symbols are analogous 
to those used by Neurath and Putnam. The relative viscosity values, for 
the solutions containing 0.01 mM sodium chloride, were calculated with 
respect to the urea-buffer-salt solvent, the volume occupied by the SDS 
and the viscosity increment due to the small amount of SDS present being 
ignored. ‘The highest concentration of SDS in the solutions which provide 
the data for Fig. 7 was 0.004 m for the case of 1.6 per cent albumin with a 
mole ratio of SDs-albumin of 18:1. Corrections for the viscosity contribu- 
tion of the ‘‘stabilizer’’ and the concentration employed would be necessary 
before calculation of the n,, values (where y.p = ne — 1), for the cases in 
which high mole ratios of stabilizer to albumin are employed. 

Fig. 7 indicates that the dodecyl sulfate maintains the 7.,:C ratio at 
lower values than those observed in the absence of stabilizer at all concen- 
trations of albumin used. The weight intrinsic viscosities obtained from 
extrapolation of the curves of Fig. 7 to the ordinate axis are 13.5, 4.8, and 
8.2 for the albumin in the absence of stabilizer, for albumin containing 
SDS in a mole ratio of 18:1, and for albumin containing SDS in a mole 
ratio of 9:1, respectively. 

The results previously presented, as well as those of Boyer et al. (7), 
indicate that stabilization against urea denaturation is a property of only 
afew of the many compounds examined. For the purposes of this discus- 
sion, stabilization is defined as follows: the ability of a compound to prevent 
the normal rise in viscosity which occurs when an albumin solution that 
contains urea is allowed to stand. Specifically, the stabilizers among the 
compounds examined by the present technique are those substances which 
maintain the relative viscosity of a 2 per cent albumin-6 M urea solution at 
1.10 to 1.20 for a period of 24 hours. Thus, the definition limits this dis- 
cussion to the first eight or ten compounds listed in Table I. 

The comparative efficacy of stabilizers would then be determined by the 
mole ratio necessary to keep the viscosity of the albumin-urea system at 
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its lowest value. Thus, dodecy] sulfate is the most effective stabilizer 
listed. ‘Trichloroacetate may be considered to be a stabilizer, but the other 
chloroacetates are ineffective. 

A chain length of 7 or more carbon atoms seems necessary in order to 
give a fatty acid salt the property of stabilization. The chain length 
necessary for alkyl sulfates has not been determined. Phenyl! butyrate 
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kic. 7. The effect of constant ratios of dodecyl] sulfate to albumin upon the slope 
of the relative viscosity versus albumin concentration. All solutions contained 6 ™ 
urea and 0.01 mM phosphate buffer (pH 7.5). O corresponds to solutions containing 
0.21 a NaCl; * data from solutions containing 0.01 wm NaCl. The molar ratios of 
SDS-albumin are indicated on the graph. 


and cinnamate are more effective than phenyl acetate, indicating that more 
than | carbor atom is necessary in the aliphatic portion of the anion. The 
reason for the ineffectiveness of phenoxyacetate or hippurate as stabilizers 
is not readily apparent, since they possess the chain length necessary. One 
tentative explanation is that their aliphatic chain portions are more polar 
in character, and so their ability to stabilize and to combine with albumin 
would be comparable to that of benzoate rather than to phenyl butyrate. 

The ability of picrate, dichlorophenolate, and trichloroacetate to stabilize 
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eannot be explained on the assumption that a non-polar chain is required 
in the molecule. kurthermore, the effeet of the addition of polar but un- 
charged groups to compounds otherwise ineffective (compare salicylate or 
acetyl salicylate with benzoate, ete.) is yet to be explained. 

The tentative hypothesis may be advanced that combination of these 
particular anions with positively charged groups on the albumin molecule 
produces a complex which is resistant to the action of the urea. The re- 
sistant complex responds to the urea treatment with little viscosity increase. 
Such a complex would show hydrolysis rates approaching those of native 
albumin when subjected to papain hydrolysis. Experiments on papain 
hydrolysis are of course complicated by the possibility of inhibition of 
papain action by the stabilizer in question. 

It is difficult to conceive of stabilization occurring without the bound 
molecules forming a link, however weak, between neighboring peptide 
chains of the albumin molecule. Such links might involve, besides the 
electrostatic bond, a non-polar interaction with hydrocarbon residues of 
chains or with the residues of other bound stabilizer molecules. ‘This 
hypothesis would explam the aetion of such compounds as caprylate or 
phenyl butyrate. For the phenolates and trichloroacetate, the second 
linkage may be ahvdrogen bond. The contrasting behavior of monochloro- 
acetate and trichloroacetate or the individual behavior of the various 
phenolates would require further explanation. 

The viscosity data presented give no indication of the number of mole- 
cules of a particular compound which combine to produce an albumin 
complex resistant to urea denaturation. The amount of binding of several 
of these active anions by albumin is being investigated by the equilibrium 
dialysis technique. Differences in binding energy and in maximum com- 
bination number are apparent between such compounds as the mononitro- 
phenolates and picrate.| The advantage of the viscosity work is that it 
gives an indication of the compounds which may be presumed to be active 
and of the mole ratios at which activity may be expected. The minima 
in the curves of Fig. 5 indicate that less than 8 molecules of dodecyl! sulfate 
combine with albumin to produce the stable complex. Further work will 
be necessary to establish the actual number of molecules bound in the for- 
mation of the stable complex for each of the active stabilizers. 

The ability of such compounds to prevent denaturation will depend upon 
the denaturant emploved. Bover ef al. (7) found that caprylate would 
prevent increases of viscosity in 2.5 m guanidine hydrochloride, but would 
hot prevent increases in 6 M guanidine hydrochloride. Similarly, we have 
found that 0.05 m caprvlate will not prevent the viscosity increase which 
occurs when a solution containing 2 per cent albumin and 1.2 per cent SDS 
is allowed to stand. 

Certain conclusions may be drawn concerning the comparative effective- 


| 
we 
| 


218 SERUM ALBUMIN. IV 


ness of these compounds against denaturation by heat and by urea. The 
determination of the thermal stabilitv of albumin solutions containing a 
number of organic anions has demonstrated that the cloud point increases 
with increase in chain length when members of a homologous series of 
compounds were investigated (cf. (1-3)). However, it is apparent from 
the viscosity experiments that only a few compounds among those which 
raise the cloud point are effective in preventing urea denaturation. Butyr- 
ate is able to raise the cloud point of 25 per cent human albumin from 64° 
to 75° when introduced in 0.30 M concentration (mole ratio 81:1); butyrate 
is ineffective in preventing viscosity increases in 6 M urea up to a mole 
ratio of 337:1. 

Compounds which stabilize albumin against urea denaturation pre- 
sumably will greatly increase the cloud point of albumin solutions. Thus 
dodecyl! sulfate, caprylate, phenyl butyrate, and trichloroacetate, each in 
0.015 M concentration (mole ratio 7:1), raise the cloud point of 25 per cent 
human albumin solutions from 64° to 72.5°, 70°, 69°, and 67°, respectively. 
The cloud point data for many of the compounds listed in Table I are 
included in the last column. 

Moderate concentrations of several of the organic salts result in the for- 
mation of gels at the temperatures to which the albumin is subjected during 
the measurement of the cloud point. Gels are also obtained when 25 per 
cent albumin solutions containing stabilizers are subjected to heating at 
57° for several months. Gel formation would result from heat denaturation 
if an added salt interfered with aggregation of the denatured protein but 
did not stabilize the native protein. 

True stabilization would involve the maintenance of albumin in the 
native state as measured by several independent criteria, such as unchanged 
solubility, unchanged intrinsic viscositv, unchanged digestion rate, and 
unchanged molecular weight. Considering the data on stabilization thus 
far available, sodium caprylate would scem to stabilize these albumins in 
the native form as measured by the second and third criteria mentioned. 
This conclusion would be dependent upon the demonstration of no inhibi- 
tion of papain by ecaprylate. The evidence is not complete for phenyl 
butyrate, dodecy! sulfate (low mole ratios only), or trichloroacetate, but 
tentatively we assume them tobe true stabilizers. [evidence is incomplete 
for the phenolic compounds, picrate and dichlorophenolate. 

The further investigation of many of the compounds which raise the 
cloud point of albumin solutions leads to the segregation of the compounds 
into two groups: (1) compounds able to raise the cloud point greatly as 
well as to prevent viscosity increases during treatment of albumin with 
urea, and (2) compounds giving high cloud points but unable to keep the 
viscosity of the albumin-urea system at low values. 
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Several explanations may be proposed for the behavior of compounds in 
the second group. One would be that formation of the albumin-compourd 
complex has not proceeded to the point where the complex is stable toward 
the action of GM urea. It may be that fewer groups of the albumin mole- 
cule interact to form the heat-resistant complex than to form the urea- 
resistant complex. 

Another explanation, more generally applicable, would be that formation 
of a cloud during heating of the albumin may be slowed or prevented by 
the formation of a denatured albumin complex which has diminished 
ability to aggregate to the extent necessary to form the cloud. Certain 
compounds, such as dodecyl! sulfate, would be expected to prevent a cloud 
formation by actual stabilization (at low SDS-albumin ratios) and by dis- 
persion of the denatured albumin (at high ratios). 

The compounds thus far found to belong to the first group have been 
mentioned previously. Examples of compounds now classed in the second 
group would be phenyl acetate, mandelate, acetyltryptophan, benzoate, 
henzenesulfonate, valeryl sulfonate, and acetate. 


SUMMARY 


Forty aliphatic and aromatic anions have been investigated for their abil- 
ity to prevent the normal viscosity rise which occurs as an albumin-urea solu- 
tion ages. ‘The criterion for stabilization was taken to be the maintenance 
of a viscosity relative to solvent of 1.10 after a 24 hour period of contact 
between the 6 M urea and dissolved bovine albumin. Albumin-urea mix- 
tures lacking organic salts develop a relative viscosity of 1.60 under the 
same experimental conditions. 

Seven compounds have been shown to be stabilizers as judged by the 
above criterion. The relative efficacy of stabilizers has been determined 
in terms of the mole ratio of compound to albumin necessary to keep the 
relative viscosity at 1.10. The effectiveness of the stabilizers decreases in 
the following order: dodecyl sulfate, caprylate, 2,4-dichlorophenolate, 
picrate, phenyl butyrate, hexyl malonate, cinnamate, and trichloroacetate. 
Tentative conclusions have been drawn concerning the structure necessary 
fora compound to be a stabilizer. 

Curves for the relative viscosity versus concentration of albumin are 
presented for experiments in which the ratios of dodecyl! sulfate to albumin 
were maintained constant. Stabilization was apparent at all concentra- 
tions of albumin as shown by lower values of 9.,:C for the solutions which 
contained dodecyl sulfate compared to similar solutions lacking dodecyl 
sulfate. An increase in ionic strength from 0.08 to 0.28 did not affect the 
mp:C values. Intrinsic viscosities were estimated from the data obtained 
in these experiments. 
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Comparisons have been made concerning the effectiveness of Compounds 
In raising cloud point temperatures and in preventing viscosity increases 
in 6 M urea solutions. 


The amorphous and crystalline bovine albumins were generously pro- 
vided by Dr. J. D. Porsche of the Armour Laboratories. The painstaking 
technical assistance of J. Legg is gratefully acknowledged. 

Grants-in-aid from the Rockefeller Foundation and the Cutter Labora- 
tories made the continuance of this research possible. 
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THE SPECIFIC ESTERASE ACTIVITY OF TRYPSIN 
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(From the Department of Biochemistry, Duke University School of Medicine, 
Durham, North Carolina) 


(Received for publication, July 26, 1947) 


The discovery of relatively simple peptide derivatives as substrates for 
proteolytic enzymes has introduced a new approach to the problem of the 
specificity of this group of hydrolytic enzymes. Although crystalline 
trypsin is known to catalyze the hydrolysis of internal peptide bonds of 
proteins, its action toward internal peptide bonds of synthetic substrates has 
been demonstrated for only one ease (1). Since all other synthetic sub- 
strates for trypsin, described in the extensive work of Bergmann and 
coworkers (2), are amides of lysine and arginine derivatives and are split 
enzymitically into ammonia and the corresponding amino acid derivatives, 
the action of trypsin toward these substrates mav be more adequately 
described as an amidase activity. 

In the course of an investigation of the inhibition of crystalline pancreatic 
proteolytic enzymes by specific low molecular weight compounds the dis- 
covery Was made that crystalline trypsin is likewise a powerful catalyst for 
the hydrolysis of certain imino acid esters. The most specific substrates of 
this type are a-benzoyvl-L-arginine methyl ester (BAME) and a-toluene- 
sulfonyl-_-arginine methyl ester (TSAME). It was also found that, 
contrary to previous reports (3), trypsin catalyzes the amide hydrolysis of 
a-toluencsulfonyl-L-argininamide and does so even more rapidly than it 
catalyzes the hydrolysis of the classical substrate, a-benzoyl-L-arginin- 
amide. The structural specificity of these esters for trypsin is approxi- 
mately analogous to that of the corresponding amides, although a certain 
measure of CrOSS-Treactivity of one of these (BAM) with chymotrypsin 
exists. Doth the esterase and amidase activities are apparently mediated 
by the same active surface configurations of the enzyme, as is evidenced by 
studies of various modes of partial and complete enzyme inactivation. 

The results of these kinetic studies are presented in this paper. 


EXPERIMENTAL 
Preparations 
Enzymes-—Vhree lots of crystalline trypsin and chymotrypsin were pre- 
pared according to the method of Kunitz and Northrop (4); activation of 
trypsinogen was carried out by the procedure of McDonald and Kunitz 
221 
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(5)... Although difficulty was encountered in crystallizing trypsinogen, 
highly active, wholly erystalline trypsin was obtained by applying the 
method of McDonald and Kunitz to amorphous trypsinogen. All active 
enzyme preparations were recrystallized once. A portion of one prepara- 
tion of trypsin was further purified by trichloroacetic acid precipitation (4), 

Crystalline y-chymotrypsin was prepared from the chymotrypsin filtrates 
of two preparations according to the method of Kunitz (6). 

One trypsin preparation was dialyzed in the cold for 72 hours against 
0.001 ~ sulfuric acid and was subsequently Lvophilized. 

hydrochloride (BAA), a-benzoyl- 
L-arginine methyl ester hydrochloride, a-p-toluenesulfonyl-L-argininamide 
(TSAA), and a-p-toluenesulfonyl-L-arginine methyl ester hydrochloride 
‘were prepared essentially according to the method of Bergmann, Fruton, 
and Pollok (3). A slightly improved vield of benzoylarginine was achieved 
by adding benzoyl chloride and 10 per cent sodium carbonate to the 
aqueous solution of arginine monohydrochloride at rates such that the 
reaction mixture was kept just alkaline to phenolphthalein. By this 
procedure 21.2 gm. of arginine monohydrochloride vielded 24 gm. of 
a-benzovlarginine. 

Although BAME has not been prepared in the crystalline state, it was 
converted to a stable, although highly hygroscopic, glass by the following 
procedure: The solvent was removed in vacuo from a methanolic solution 
of approximately S gm. of BAME until a solid foam formed. The foam 
was dissolved in 30 ml. of water and the pH adjusted from 0.75 to 8.75 with 
5N NaOH. A resulting slight precipitate was filtered off and the solution 
reacidified to about pH 3 with 5nw HCl The water was removed in vacuo 
and two portions of absolute methanol were added and distilled in vacuo 
to remove the last traces of water. The resulting oil was then dissolved in 
60 ml. of absolute methanol and the NaCl was filtered off. The solvent was 
again distilled am vacuo and the remaining oil was heated to 100° for 10 
minutes. The product is a friable, white frothy glass which was stored ina 
vacuum desiceator. On dry days this material could be weighed without 
difficulty. Although the product was not suitable for analysis, its identity 
was proved by conversion of a portion of it to BAA. 

Carbobenzoxyglycyl-1-tyrosine ethyl ester and N-carbobenzoxy-O-acetyl- 
.-tvrosylglycine ethyl ester were prepared according to the method of 
Bergmann and |ruton (7). 

e~-Carbobenzoxy-L-lysine methyl ester hydrochloride was prepared ac- 
cording to Bergmann, Zervas, and Ross (8), and carbobenzoxyglycyl-DL- 
phenylalanine ethyl ester was a preparation previously described (9, 10). 


‘ We are indebted to Dr. C. E. Graham of The Wilson Laboratories, Chicago, for 
the crude pancreatic protein precipitates used in these isolations. 
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Tyrosine ethyl ester hydrochloride and L-phenylalanine ethyl ester hydro- 
chloride were prepared in the usual manner. 

Glycine ethyl ester hydrochloride, ethyl butvrate, and butyl acetate were 
Eastman preparations and were used without purification. 


Methods 


Amidase Acitivity— The amidase activity of the proteolytic enzymes was 
measured by a modification of the Conway micro diffusion technique (11). 
(0.75 ml. of 2 per cent boric acid solution was substituted in the inner cham- 
ber of the Conway plate for the strong acid solution used by Conway.? 
By this means the ammonia evolved could be titrated directly and diffi- 
culties encountered in the back titration in air with dilute strong base were 
avoided. 

The reaction mixtures used for determination of amidase activity were 
made by mixing equal volumes of 0.1 M substrate in phosphate buffer and 
of enzyme solution in phosphate buffer. In earlier runs m/15 phosphate 
buffer was used, but later this concentration was raised to 0.1 mM to insure 
pH control. Because of the well known instability of trypsin in the pH 
range in which it is active, the enzyme was dissolved in the buffer imme- 
diately before it was added to the substrate solution. 

All amidase activities were determined at 25° with shaking. 0.2 ml. 
samples were withdrawn at intervals for analysis and were introduced into 
the Conway plates. After each sample was mixed with 1 ml. of saturated 
K2CO; solution used to volatilize the ammonia, the plates were allowed to 
stand for at least 1] hour before being titrated with approximately 0.01 x HCl 
and 1 drop of ‘Tashiro’s indicator. Thus, 0.01 ml. of acid corresponded to 
approximately 1 per cent hydrolysis. Since the indicator color varied 
with the volume of the svstem at the end-point, water was added to the 
plates in which the extent of hydrolysis was small in order to bring the 
final volume for all titrations close to a constant volume. 

Time was measured from the time of the completion of addition of the 
trypsin solution to the time at which the saturated K.COs solution touched 
the sample. It was assumed that the enzyme was inactivated immediately 
by the KeCOs, solution and that any temperature effect due to the difference 
between the bath temperature and room temperature could be neglected, 
since the difference was not large and also since the elapsed time was never 
more than 1 minute. ‘The validity of the first assumption seemed to be 
confirmed by the fact that the blanks were always within a few thousandths 
of 0.025 ml. 

The horizontal burettes used for these titrations were made by drawing 
out the ungraduated portions of Kimble Exax | ml. measuring pipettes and 


* This modification was suggested by Miss Elaine Elkins of this laboratory. 
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fitting the undrawn ends with Clay-Adams pipette suction units.* The 
burettes were subsequently calibrated by weighing to within 0.1 mg. the 
water delivered at 0.1 ml. intervals. In no case was the error large enough 
to warrant the application of a correction. 

The accuracy of the method was tested with solutions of ammonium 
sulfate. With 0.05 and 0.005 ~ solutions of ammonium sulfate as stand- 
ards, the titration values could be reproduced to within 0.3 per cent. 

Preliminary experiments indicated that ammonia is not evolved by 
saturated K.CO,; solution from BAA, TSAA, trypsin, or chymotrypsin. 

Blank determinations were made by placing 0.1 ml. each of substrate 
and enzyme solutions a short distance apart on Conway plates and by 
tipping the plates so that the solutions were mixed with the saturated K.CO, 
solution before they were mixed with each other. 

Esterase Acitivity—For the determination of the esterase activity precise 
pH control in the presence of the liberated carboxyl groups necessitated 
the use of such large quantities of buffer that the conventional amino 
acid titrations were rendered very difficult. Recourse was had to a direct 
electrometric titration of the liberated carboxyl groups with approximately 
0.2m NaOH with a Beckman model G pH meter as a null indicator. Low 
concentrations of buffer were used to render the system stable against great 
variations in pH but still sensitive to changes in hydrogen ion activity. 

Substrate solution, buffer solution, and enough water to bring the final 
volume to approximately 10 ml. were mixed and equilibrated in a 25° bath. 
The glass electrodes were introduced and 0.2m NaOH was added from the 
horizontal burette previously described until the pH rose to a value 0.2 to 
0.5 unit higher than the pH selected as the null point for the determination. 
The enzyme solution was then added and zero time taken as the time 
when the pH fell to the null point value. A small increment of 0.2 mM NaOH 
was then added and the rise in pH noted. In nearly all cases the rise in pH 
was less than 0.2 unit. The time was again recorded when the pI fell to 
the null value. This process was continued until the reaction stopped or 
until a sufficient portion of the reaction curve had been determined to 
establish the nature and rate of the reaction. The setting of the pil meter 
was checked against a standard buffer after each run. 

In most of the experiments stirring Was accomplished by means of a slow 
stream of nitrogen bubbled through the reaction system through a syringe 
needle, but in the experiments involving a high concentration of enzyme, 
higher temperatures, or a volatile solvent, stirring was done by hand witha 
small glass rod. 

This method of measurement gave rise to some uncertainty as to the 
concentration of the substrate at the moment the zero time reading was 


* We are indebted to Dr. W. A. Perlzweig for suggesting these useful devices. 
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made. This is of no consequence for reactions which follow zero order 
kinetics. The treatment of the data for first order reactions is illustrated 
in a later section of this paper. 

A stock solution of enzyme was made up daily, adjusted to pH 2.5 with 
HCl, and kept in the refrigerator when not in use. 

Nitrogen determinations on the enzyme solutions were made by the 
semimicro-Kjeldahl method. 


Results 
Benzoylargininamide 
Specific Activity of Trypsin—In order to test the present method of 


analysis and also to characterize the preparations of trypsin used in these 
studies, the activity of each preparation toward BAA was determined. 


TABLE I 
A utolysis of T rypsin at pi 7 7.80 As. Measured by Activity toward BAA 


Calculated residual 


Time <X 1073 | Activity remaining K;t X | activity 
(Ky = 1. x 107¢) 
min. | | per cent cont 
0 | 7.02 | 100 | 
614 | 4.09 | 58.1 | 1.17 58.6 
1193 | 3.00 | 42.7 | 1.12 : 42.3 
240 1.90 27.1 | 1.12 26.8 


this paper K wwill refer to the first order reaction constant defined 
by K = 2.303/tlog (C'o/ (Co — @)), where Co is the initial substrate concentration and 
a the amount of substrate hydrolyzed in time f¢. 

+ Kz is the second order reaction constant expressed by Kunitz and Northrop 
(13) as Ke = 1/t(1/A — 1/Ao). In the present calculation ¢ is expressed in minutes 
and A is the per cent of the initial activity, Ao, remaining at time ¢. 


Measurements were made at four levels of enzyme concentration over an 
8-fold range. 

In every case the reaction was found to follow first order kinetics strictly 
and for each preparation the rate constant was directly proportional to the 
enzyme concentration. ‘The proteolytic coefficients, C, for all lots of 
trypsin prepared in this laboratory were found to fall within the limits 
(C = 3.2 to3.8 10-*) reported by previous investigators (12). 

The classical studies of Kunitz and Northrop (13) on the stability of 
crystalline trypsin have shown that at the pH of its maximum activity 
rapid inactivation occurs. Inthe present experiments the rate of autolysis 
of trypsin was redetermined with BAA as substrate. The stabilizing 
effect of the substrate was sufficient to maintain the activity of the en- 
zyme at a constant value during each activity determination as evidenced 
by the adherence of the reaction to first order kinetics. 13.6 mg. of Prep- 
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aration were dissolved in 5 ml. of m phosphate butfer, 7.80. 
0.5 ml]. was immediately withdrawn and added to an equal volume of 0.1 
BAA in the same buffer. Subsequent samples of the enzyme solution 
were removed at 1, 2, and 4 hour intervals and the activity against BAA 
was determined. 

The results given in Table I show a decrease in the first order reaction 
constant, AK, with time. In agreement with Kunitz and Northrop (13) 
this has been attributed to the spontaneous inactivation of trypsin and has 
been expressed as a second order reaction between native and denatured 
trypsin. With K assumed to be proportional to activity and the remaining 
activities expressed as per cent of the initial activity at ¢ = 0, second order 
reaction constants, Ke, have been calculated with the equation of Iunitz 
and Northrop (13). The relative constancy of Ae together with the close 
agreement between calculated and observed residual activities testifies to 
the validity of this interpretation. 


Esterase Activity 


Enzymatic Nature of Reaction——The discovery of the amino acid esterase 
activity of trypsyn was made in the course of a search for a specific low 
molecular weight inhibitor for trypsin.4 It was observed that the addition 
of BAME to the trvpsin-BAA reaction system caused a marked decrease in 
the rate of splitting of BAA without causing any change in the order of 
reaction and also caused the pI of the system to fall. (Qualitative experi- 
ments with weakly buffered solutions of BAM E indicated that the decrease 
of pH upon the addition of trypsin was due to the splitting of BAMEE by 
trypsin. In one such experiment the pH fell from 7.5 to 4.3 in 35 minutes. 

At pH 8 and 25° the tryptic hydrolysis of BAME is a zero order reaction 
throughout about 95 per cent of its course. The results of measurements 
at four levels of enzyme concentration over an S8-fold range are shown in 
hig. 1. A plot of the reaction rate against the weight of enzyme N in the 
reaction system is shown in the inset graph of Fig. 1. ‘The deviation from 
linearity shown by the highest trypsin concentration in the inset plot is 
not considered significant, since the rate of this reaction approaches the 
limiting rate which can be accurately measured with the apparatus used. 

The chemical nature of the reaction was established by allowing trypsin 
to act upon 560 mg. of BAME at pH 8 until the reaction was completed. 
The reaction system was dried in vacuo and extracted with absolute ethanol 
to separate benzoylarginine from the butfer salts. The ethanol was re- 


moved in vacuo and 339 mg. of a-benzoylarginine, corresponding to 72 per 


cent of the BAME used, was recovered following ervstallization from water. 


The recovered benzoylarginine decomposed at 273 275° as did an authentic 


‘ This investigation is still in progress. 
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sumple, and its identity was further established by the isolation of ben- 
zoic acid following alkaline hydrolysis of a portion of the recovered 
material. 

The following additional observations indicated that the hydrolysis of 
BAME is mediated by trypsin: (1) alkali-inactivated trypsin has no effect 
upon BAM; (2) the addition of increasing amounts of crystalline, salt-free 
soy bean trypsin inhibitor’ progressively reduced the rate of splitting of 
BAM and of BAA by trypsin;® (3) the rate of autolysis of trypsin at pH 
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hic. 1. Hydrolysis of BAME by various concentrations of trypsin measured by 
electrometrice titration in 0.015 Mm phosphate buffer, pI 8.00, at 25°. The amount of 
trypsin N in ng. present in these systems is shown by © 0.0192, @ 0.0246, A 0.0123, 
A 0.0062. The inset curve indicates the linear relation between the rate of hydroly- 
sis of BAME and the amount of trypsin present. 


7.80 and 25°’ is the same when measured by its activity toward BAME and 
toward BAA. The identity of the autolysis rates of the two activities is 
shown in Fig. 2 in which, in analogy to the corresponding measurements 
of amidase activity, the tryptic activity was found to decrease with time 
according to second order kineties (13). The experimental points may be 


’ We are deeply grateful to Dr. M. Kunitz for two samples of crystalline trypsin 
and for the erystalline soy bean trypsin inhibitor used in these experiments. 

®* Work is still in progress to determine whether the linear relation between de- 
crease in tryptic activity and amount of trypsin inhibitor added, established by 
Kunitz (14), using protein substrates, holds equally for low molecular weight sub- 
strates. 
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seen to fall on the theoretical curve calculated from the data for BAA 
given in Table I. 

As is shown in Table II, all preparations of trypsin catalyze the hydrolysis 
of BAME, and the ratio of the specific reaction rate for BAME to the 
specific initial slope of the trypsin-catalyzed hydrolysis of BAA is essen- 
tially a constant of all preparations of trypsin tested. This method of 
comparing the rates of reactions of different orders was selected as offering 
the most valid basis for comparison, since in the initial phase of the reac- 
tion, the first order reaction, most nearly approaches a zero order reaction,’ 

Enzymatic Specificity of Reaction—The enzymatic specificity of the 
hydrolysis of BAME was tested at pH 8.0 with crystalline chymotrypsin, 


8 


N 


© 


mM 


Percent Activity Remaining 


50 100 ISO 200 250 

: Minutes 

Fic. 2. Decrease in activity with time of a solution of trypsin (0.201 mg. of N per 
ml.) in M/15 phosphate buffer, pH 7.80, at 25°. © represents activity measured 
against BAA and A activity measured against BAME:. The curve is the theoretical 
curve calculated from Ky = 1/t(1/A — 1/Ao) (13) where Ky = 1.14 & 10°‘ (cf. Table 
al). 


y-chymotrypsin, chymotrypsinogen, carboxypeptidase, and ribonuclease. 
Of these, eight times recrystallized chymotrvpsinogen (0.13 mg. of N per 
ml. of reaction mixture), six times recrystallized carboxypeptidase (0.009 
mg. of N per ml. of reaction mixture), and ribonuclease® (1 mg. of crystalline 
enzyme per ml. of reaction mixture) had no measurable effeet on 0.015 M 
BAME in 0.02 m phosphate buffer. [n cach case the subsequent addition 


7 It would be expected that. if the difference in reaction rates betweea BAA and 
BAME were due to a difference in the rate of desorption of the products from the 
enzyme surface, the addition of ammonium salts to‘ o¢ BAME system would decrease 
the rate of hydrolysis of BAME. This was not found to be true. Leven in 0.1 M 
NH,CI the specific hydrolysis rate of BAME remained constant. 
| * We are greatly indebted to Dr. Lawrence L. Lachat, Armour and Company, 

Chicago, for the ribonuclease, crystallized from alcohol, used in this experiment. 
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of a small amount of trypsin caused a rapid decrease in the pH of the re- 
action system. 

Both chymotrypsin and y-chymotrypsin, however, were found to hy- 
drolyze BAME, the reaction following first order kinetics. The reaction 
curves for these hydrolyses are shown in Fig. 3 for one concentration of 
y-chymotrypsin and three concentrations of chymotrypsin. 

Since, by the direct titration method of measurement, the reaction starts 
before the zero time reading is made and since the initial concentration of 
BAME is not well defined, the following procedure was devised for ealeu- 
lating first order reaction constants. The experimental data were plotted, 


_Tasie I] 
Hydrolysis of BAM E by Various Preparations of Trypsin 
Temperature 25°,0.015M phosphate, pH 8.00. Approximate initial concentration 
of BAME 0.0063 


| Knaa-Cot | K 
Trypsin preparation reaction | Ke* | of | 
| per min, per 
lyophilized. 0.0110 0.00274 64 
Tillis... | | | | 4:28. | 65 
0.0087 | 0.00212 0.244 3.56 67 
CC]L,COOH purified T 0.0089 | 0.00212 0.238 4.16 | 57 
Kunitz’ T:, 0.0124 | 0.00282; 0.228 | | 


| 
* Ko will be used throughout this paper to refer to specific zero order reaction 
constants, t.e. per mg. of enzyme N in the system. 
t Apaa’Co/# expresses the initial slope of the RAA hydrolysis curve per mg. of 
trypsin N per ml. (£). 
t Mean of several determinations. 


time being plotted on the axis of abscissas and the amount of base added on 
the axis of ordinates, and the best curve was drawn through the points. 
From the curve a series of pairs of abscissas was selected such that for each 
pair 4; = %/2. If the corresponding ordinates are designated as a, and 
a2, it follows from the properties of the first order equation, K = (2.303/2) 
log (Co/ (Co — a)), that Co = a;*/ (2a; — a2). This procedure yields a series 
of tentative values for Co, the only limitation on any one value being that 
it must be less than the known concentration before the reaction started. 
With the mean value for (po, log Co/(Cy — a@) was computed for several 
points and plotted against ¢. If these points failed to show a trend of 
variation from a straight line, the theoretical reaction curve was then 
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Millimoles NoOH Added x 10° 


Minutes 
Fic. 3. The rate of hydrolysis of BAME by chymotrypsin and by »-chymotrypstin 
at 25°. The curves are the theoretical first order reaction curves calculated from 
the following constants. 


Enzyme | | 
concen- Ce 
Symbol Enzyme | tration, | pH | Buffer K x10"! (caleu- 
_mg. N per lated) 

1074 meq 
y-Chymotrypsin | 0.0806 | 8.00 | 0.015 phosphate | 2.70 ; 20.1 
e Chymotrypsin 0.3785 7.60 | 0.0185 ** “3 14.9 | 8.36 
0.196 | 7.80 0.0185 borate | 6.37 | 7.98 
0 0.0482 | 7.60 0.0185 ‘* phosphate | 2.22 | 8.92 


calculated. ‘The fit of these calculated curves to the experimental points is 
illustrated in Fig. 3.° 


* In several cases the tentative values of Cy were found to increase as larger values 
of t, were selected. In these instances greater weight was given to the values of Co 
determined for larger values of ¢; because the initial points of the reaction curve were 
subject to a greater error in measuring times than were subsequent points. This 
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It may be seen qualitatively from Fig. 3 that the rate of hydrolysis of 
BAME by chymotrypsin increases with the enzyme concentration. The 
mean value for the proteolytic coefficient of chymotrypsin on BAME is 
16 X lO (C5) of BAME about 0.01 mM) and of y-chymotrypsin (single 
determination) 1.5 of BAME about 0.02 Since the cor- 
responding mean value of A X (o/£ for chymotrypsin is 3.7 & 107%, it 
appears that trypsin splits BAME about 65 times as rapidly as does 
chymotrypsin (cf. Table 

Effect of pH—lt was observed that at pH values greater than 8 BAME 
undergoes spontaneous hydrolysis at 25°. This phenomenon was inves- 
tigated as a preliminary to the measurement of the effect of pH on the 
enzymatic hydrolysis of BAME. The extent of the spontaneous hydrolysis 
of BAM at 25° and at pit, 10, and 11 is shown by the continuous curve 
and by the initial regions of the discontinuous curves in Fig. 4." 

In subtracting the correction for spontaneous hydrolysis from the data 
obtained in the presence of trypsin, it was assumed that the correction in- 
creased linearly with time. Since the reaction in the presence of trypsin 
is relatively rapid compared to the spontaneous hydrolysis and since the 
enzymatic runs at pli 9 and 10 show no deviation from linearity except at 
the extreme end of the reaction, this assumption seems to be a valid first 
approximation, 

Since the rate of the spontaneous hydrolysis is a function of the concen- 
tration of BAME (first order kineties), while the rate of the enzymatic 
hydrolysis depends only upon the amount of trypsin present (zero order 


treatment neglects the dilution of the system by the base added in the course of the 
reaction. Fora first order, non-enzymatic reaction this dilution would have no effect 
upon A, but for an enzymatic reaction the additional reduction in the concentration 
of the substrate will tend to decrease slightly the tendency for enzyme-substrate 
complex formation. This change will be relatively small, since the dilution in no 
ease amounted to more than 10 per cent of the initial volume and it has, therefore, 
been omitted from this calculation. 

'° Because of this cross-reactivity between trypsin and chymotrypsis with BAME, 
the action of chymotrypsin on BAA was reinvestigated. A chymotrypsin concen- 
tration of 0.448 mg. of N per ml. of reaction mixture caused no hydrolysis of 0.05 mu 
BAA. This observation is in agreement with the results of Bergmann, Fruton, and 
Pollok (3). 

"The discontinuous curve for pH 10 of Fig. 4 is of particular interest, since the 
plateau reached after the addition of trypsin defines a rather small region within 
which the value of Co , calculated from the initial portion of the curve, must fall if 
this treatment of the data is satisfactory. It will be observed that the agreement 
between the experimental and calculated values for Cy is quite good and that the 
values for A for the two curves at pH 10 show fair agreement despite the fact that C> 
for the continuous curve has about twice the value of Cy for the discontinuous curve 
(see the legend to Fig. 4). 
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Millimoles NaOH Added x 102 


Minutes 


Fic. 4. Rates of hydrolysis of BAME under various conditions of pI, trypsin con- 
centration, and BAME concentration. The curves shown for the first order reac- 
tions are the theoretical curves calculated from the values of A and Co» shown below. 
Borate buffers were used in these systems. 


Trypsi | | 
pH Symbol | Buffer concen- | X10 | Ce (calculated) 
system 
10.00 | 0.03 1.55 1.97 
10.00 | | | 0.03 1.12 
10.00* | 0.0248 (| 0.024 
9.00 | 0.08 


* After trypsin was added. 
The inset graph illustrates the first order kinetics of the hydrolysis of BAME at pH 
11 in the absence of a buffer. AK for the plotted line is 2.22 K 107". (Cy, calculated 
in milliequivalents K 107!, 1.76 (O), 1.70 (@), and 1.58 (4) in 0, 0, and 0.0195 mg. 


of trypsin N in system. 


' | 
| 
| | t 
| 
| | 
pH 9 / | 
| 
e a | 
| 
8+ @ A A 
| pH 10 ly / | 
/ pH I! | 
4 4 | | 
| 
| * 0.57 | | 
en Y added | 
| Trypsin | 
| Min 5 10 45 | 
| 
0 iO 20 30 40 50 60 70 
| 
by 
ac 
sp 
th 
in 
sth 
hy 
ab 
pi 
CO) 
ac’ 
Is 


SCHWERT, NEURATH, KAUFMAN, AND SNOKE 233 
kinetics), the magnitude of the correction applied for spontaneous hydroly- 
sis was somewhat arbitrary. It was chosen to apply to the initial concen- 
tration of BAME. 

The pH -activity curve for the tryptic hydrolysis of BAME is shown in 
Fig. 5. ‘The pH of maximum activity is about pH 8, the activity falling 
off rapidly below pH 7 and above pH 10. The rate of decrease in activity 
above pli 10 is intermediate between that observed with trypsin on BAA 
(3) and that observed with trypsin on casein (13). The inset in Fig. 4 
illustrates the point that at pH 11 trypsin does not increase the rate of 
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Fic. 5. Curve showing the effect of pH on the hydrolysis of BAME and TSAME 
25°. The buffer concentration for the BAME determinations was 


by trypsin at 25°. 
0.025 m and for the TSAME determinations, 0.015 mu. O phosphate, @ borate, A 


acetate, A no buffer. 


splitting of BAME over the rate of the spontaneous hydrolysis and that 
the same first order reaction constant applies to the hydrolysis of BAME 
in both the presence and absence of trypsin. 

Effect of Temperature-—The spontaneous hydrolysis of BAME was also 
studied at temperatures between 0.5° and 42°. Although no spontaneous 
hydrolysis of BAME could be observed at pH 8 at 25°, a slow but measur- 
able reaction does occur at 42°. The spontaneous reaction was so slow at 
pH 10 and at pH 11 at 0.5° that only the initial slope of the reaction curve 
could be measured. At pli 10 at 25° and 42° and at pIl 11 at 25° the re- 
action is clearly first order in character. At pH 11 at 42° the reaction rate 
is too high to be measurable by this method. From these analyses the 
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value of Qi for the spontaneous hydrolysis of BAME was found to be 
about 3.8. 

The hydrolysis of BAM: by trypsin was studied in 0.015 mM phosphate 
buffer, pH 8.0, at 0.5°, 25°, and 42°. The reaction at 42° deviates slightly 
from zero order but the deviation is so small that the initial slope of this 
curve is probably strictly comparable to the slopes of the zero order curves 
measured at the lower temperatures. The corresponding reaction con- 
stants, Ko, are 0.0515, 0.273, and 0.765 (corrected for spontaneous hydroly- 
sis) MM per minute per mg. of trypsin N. The values of Qj are 1,97 
(0.5-25°) and 1.88 (25-42°). These values are somewhat lower and de- 
crease less rapidly with increasing temperature than the values determined 
by Butler for the action of trypsin on BAA (15). Calculation of Butler’s 
data vields (6—15.2°) = 3.00, Qi (15.2-25.5°) = 2.36, and Qi (25.5- 
37.5°) = 1,82. 


Substrate Specificity of Trypsin and Chymotrypsin toward Esters 
and Amides 


The substrate specificity of trypsin and chymotrypsin was investigated 
with a variety of esters, amino acid esters, and peptide esters which are 
related to the specific substrates. ‘Toluenesulfonylarginine methyl ester 
(TSAME) was found to be split by trypsin even more rapidly than is 
BAME. The pH activity relation for the action of trypsin on TSAME is 
shown in Fig. 5. 

The reaction follows zero order kineties between pH] 6 and 8, but at pH 9 
and 10 approaches first order. Reaction rates at the latter pH values were 
determined from the initial slopes of the reaction curves. TSAME was 
not found to undergo spontaneous hydrolysis at any pH studied. Com- 
parison of the specific reaction constants shown in Fig. 5 indicates that 
trypsin hydrolyzes TSAME about 6 times as rapidly at pH 8 as it does 
BAME. 

The results obtained with other esters are shown in Table III. 

The relative insolubility of some of these substrates in aqueous solutions 
necessitated the use of 50 per cent ethanol for enzymatic analyses. For 
comparison, the activity of trypsin toward BAME in 50 per cent ethanol 
was determined. ‘To 12 ml. of a 50 per cent (by volume) buffered etha- 
nolic solution, pH 8, of approximately 0.01 am BAME was added 0.2 ml. of 
a trypsin solution containing 0.135 mg. of N per ml. The reaction curve 
deviated slightly from a zero order curve, but from the slope of the main 
portion of the curve Ko was calculated to be 0.19, a value not markedly 
lower than that found for the tryptic hydrolysis of BAME in aqueous 
solutions. This is in agreement with the findings of Risley, Buffington, 
and Arnow (16) who studied the digestion of proteins by trypsin in alco- 
holic solutions. 
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The observation that TSAME is split by trypsin led to a reinvestigation 
of the splitting of toluenesulfonylargininamide by trypsin (3). Preliminary 
experiments, with the Conway method, have indicated that trypsin splits 
TSAA about 14 times as rapidly as it splits BAA."* Estimates of the pro- 


TaBLeE III 
Effect of Trypsin and Chymotrypsin on Various Esters 
| Trypsin Chymotrypsin 
Substrate 
| Concentration Rate* Concentration Rate* 
mg. N per ml. mg. N per ml. | 
L-Tyrosine ethyl ester HC! 0.0285 {| + | 
Glycine ethyl ester HC! 0.0285 | 0 
Ethyl butyratet 0.0285 | 
Butyl acetate | 0.0285 0 | 
N-Carbobenzoxy-O-acetyl-L-tyrosy]- 0.0363 + 0.0556 0§ 
glycine ethyl estert 7 | 
t-Phenylalanine ethy! ester HCl 0.0399 + | 
Carbobenzoxyglycyl-pL-phenylalanine 0.0399 0 | +]| 
ethyl estert | | | 
«-Carbobenzoxy-.L-lysine methyl] ester | 0.0363 0 | 
HClt | 
ethyl 0.03899 | 0 0.0185 K = 0.14§ 
ester | | | | 
a-Toluenesulfonylarginine methyl | (See text) | -+ | 0.0705 (+ 
| 


ester HC] 


For the water-soluble substrates the volume of the reaction system was 10 ml. 
Substrate concentration m/40 and buffer concentration M/66. The buffer used was 
phosphate, pHi 8.0. The temperature was 25° for all runs. 

* The rate is expressed as 0 if the pH remained steady for 15 minutes after the 
enzyme solution was added, and as + if there was a fall in pH but at arate too low to 
be measurable. 

+t Substrate concentration 0.0145 m due to limited solubility. 

t Determination made in 50 per cent (by volume) ethanol, containing 0.02 m phos- 
phate buffer, pH 8.00. 

§ Substrate concentration 0.0156 M. 

| Owing to the limited quantity of this substrate available, quantitative studies 
were not made. 

§ y-Chymotrypsin also failed to hydrolvze TSAME at an appreciable rate. 


teolytic coefficient toward TSAA are of the order of 6 X 107%. This evi- 
dence combined with the observation that ehymotrypsin splits BAME 


2 Toluenesulfonylarginine was isolated from the enzymatic reaction mixtures of 
both TSAA and TSAME. The isolated samples decomposed at 247-248°. Bergmann, 
Fruton, and Pollok (3) report 256-257° as the decomposition point of a recrystallized 
sample. 
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rather rapidly, while it hydrolyzes TSAME only very slowly, suggests that 
TSAA may be a more specific substrate for trypsin than is BAA, 
DISCUSSION 

The experimental data presented in the preceding section appear to 
provide unequivocal proof for the tryptic hydrolysis of the esters of specifie 
amino acid derivatives. I:vidence for the chemical nature of the reaction 
is derived from the following considerations. The large release of titratable 
acid observed in weakly buffered reaction systems containing BAME or 
TSAME can only be attributed to the hydrolysis of the ester bond of these 
substrates. This has been confirmed by the isolation in 72 per cent yield 
of benzoylarginine from the hydrolysate of BAM. Although it has not 
been possible to characterize BAME by chemical analysis, its ready con- 
version into benzoyvlargininamide, together with the parallel results ob- 
tained with TSAME, a crystalline, chemically identified compound, leaves 
little doubt about the chemical identity of this substrate. 

The conclusion that the hydrolysis of these esters is catalyzed by trypsin 
itself and by the same active surfaces which catalyze the hydrolysis of 
BAA is based upon the following evidence. (1) The enzymatic purity of 
the trypsin preparations used in this work is the same as that established 
by Hofmann and Bergmann (12) for a series of crystalline samples. (2) 
The specific zero order reaction constant, Ao, for the hydrolysis of BAME 
is independent of enzyme concentration and comparable values were 
obtained with various enzyme preparations, including one that had been 
subjected to precipitation by trichloroacetic acid, a procedure equivalent 
to several recrystallizations (4). (3) Since the specific zero order reaction 
constant toward BAME is approximately proportional to the proteolytic 
coefficient toward BAA, both measured activities appear to be properties of 
the same enzyme. ‘This is further borne out by the identity of the rates of 
autolysis of trypsin measured by activities toward BAME and BAA (see 
Fig. 2). (4) When trypsin js inactivated by alkali or by the addition of 
soy bean inhibitor, the enzymatic activities toward BAME and BAA de- 
crease in a parallel fashion. (5) The pH optima toward casein (13), BAA 
(3), BAME, and TSAME are the same. Although the plHl-activity 
eurves of trypsin toward BAM and TSAME are broader than that 
toward BAA, a qualitative resemblance among the three curves is apparent. 

It is of significance that under standard conditions of measurement 
(pH 8.0, 25°, substrate concentration varying from 0.006 to 0.025 m) the 
esterase activity of trypsin follows a zero order reaction, whereas the 
amidase activity, even in higher substrate concentrations (0.05 m), follows 
first order reaction kinetics. Zero order reaction kinetics were observed 
for BAME at all pH values between pH 5 and 10, whereas with TSAME 
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deviations toward first order reaction kinetics were noted at pH 9 and 
pH 10. The molecularity of the reaction is evidently the same in both 
reaction systems (esters and amide). If zero order kinetics are ascribed 
to a complete saturation of the enzyme by the substrate at all ratios of 
enzyme-substrate concentration that have been studied, the higher rate 
and lower order of reaction in the case of the esters must indicate a con- 
siderably higher affinity of the enzyme for these substrates. It is unlikely 
that the rate of desorption of the reaction products is the rate-limiting 
step, since the readsorption of the accumulating products should then de- 
crease the reaction rate. It is more likely that the rate of activation at 
the enzyme surface is a controlling factor and that the activation energy for 
the amides is higher than that for the esters. This conelusion is corrobo- 
rated by the Arrhenius activation energy calculated from the rate measure- 
ments made at various temperatures. The corresponding values for the 
tryptic hydrolysis of BAME and of BAA are 11,200 calories per mole and 
14,900 calories per mole (from Butler’s data (15)). The higher temperature 
coefficient for the spontaneous hydrolysis of BAME, Qo = 3.8, compared 
to that for the tryptic hydrolysis, Qio = 1.9, is in agreement with analogous 
data for catalyzed and non-catalyzed reactions presented by Line- 
weaver (17). 

A certain measure of enzymatic cross-reactivity is exhibited by trypsin 
and chymotrypsin toward BAME. The lower affinity of chymotrypsin 
for BAME is evidenced by the lower rate and higher order of the reaction 
(first order). In contrast, this cross-reactivity does not appear when the 
more specific TSAME is used as a substrate. 

Beth the amidase and esterase activities of trypsin show a high degree of 
substrate specificity. Of all the esters that have been tested only BAME 
and TSAME exhibit a measurable rate of tryptic hydrolysis, the latter 
being hydrolyzed about 6 times faster than the former. Analogously, the 
hydrolysis of toluenesulfonylargininamide, a substrate previously reported 
to be resistant to tryptic hydrolysis (3), somewhat exceeds in rate that of 
BAA. Although, because of the different orders of reaction, precise com- 
parison is difficult, it is evident that the activity of trypsin toward BAME 
is about 60 times higher than that toward BAA (see Table II). 

The negative results obtained with trypsin and e-carbobenzoxy-t-lysine 
methyl ester are in agreement with the findings of Hofmann and Bergmann 
(18) on the effect of introduction of an e-carbobenzoxy group into an 
a-substituted lysinamide. The resistance of N-carbobenzoxy-O-acetyl-L- 
tyrosylglycine ethyl ester to chymotryptic hydrolysis is possibly caused by 
the introduction of the O-acetyl group. The hydrolysis of carbobenzoxy- 
glycyl-L-tyrosine ethyl ester and of carbobenzoxyglycyl-pL-phenylalanine 
ethyl ester by chymotrypsin indicates that trypsin is not the only pro- 
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teolytic enzyme endowed with specific amino acid esterase activity: 
Present evidence seems to indicate that those esters which are readily split 
by proteolytic enzymes are structural analogues of the typical amide 
substrates. 

Since the present studies were limited to simple esters, it cannot be 
decided whether the observed esterase activity is simply related to the 
lower bond energy of esters as compared to amides or whether the structural 
details of the ester group are of essential importance. Further studies of 
this problem, involving the substitution of other radicals for the amide 
group, are in progress. 

It has been suggested that in proteins certain terminal carboxyl groups 
form ester linkages with the hydroxyl groups of serine, threonine, or tyrosine 
(19). The biological significance of the esterase activity of trypsin and 
chymotrypsin for this and other processes remains to be evaluated. 


This work has been supported by grants from the Rockefeller Foundation, 
from the National Institute of Health, United States Public Health Service, 
and from the Duke University Research Council. 


SUMMARY 


Crystalline trypsin exhibits esterase activity toward specific esters of 
amino acid derivatives. Of these, a-benzoyl-L-arginine methyl ester and 
a-p-toluenesulfonyl-L-arginine methyl ester are most active, and are hy- 
drolyzed about 60 times faster than are the corresponding amides. The 
catalysis of esters is mediated by the same active surface as the catalysis 
of the corresponding amides. Quantitative kinetic studies, including the 
effects of enzyme concentration, substrate concentration, pI, and temper- 
ature are reported. 

Contrary to previous reports, it is found that a-p-toluenesulfonyl-.- 
argininamide is a typical substrate for trypsin and is hydrolyzed even more 
rapidly than is the corresponding a-benzoyl derivative. 

Although BAME is also hydrolyzed by chymotrypsin, a-p-toluene- 
sulfonyl-L-arginine methyl ester is not. ‘The ethyl esters of carbobenzoxy- 
glycyl-L-tyrosine and of carbobenzoxyglycyl-pi-phenylalanine are readily 
hydrolyzed by chymotrypsin, indicating that the amino acid esterase 
activity may be a general attribute of proteolytic enzymes. 
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STUDIES IN STEROID METABOLISM 


1. METHODS FOR THE ISOLATION AND QUANTITATIVE ESTIMATION 
OF NEUTRAL STEROIDS PRESENT IN HUMAN URINE* 
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The steroid hormones in addition to their function in sex physiology have 
important rdles in the regulation of carbohydrate, protein, and electrolyte 
metabolisms. Although abnormalities involving the steroids are known 
to be present in certain diseases, the exact réle of these disturbances in the 
etiology and manifestations of these diseases has not been established, 
because, hitherto, the methods which have been available have not been 
satistactory for exploring the details of steroid metabolism. In the course 
of a comprehensive study which has been in progress in the laboratories 
of the Memorial Hospital since 1940 (1-5), more adequate procedures have 
been developed and have been utilized in the investigation of the steroids 
excreted in the urine of human beings in health and in sickness. The re- 
sults will be reported in a series of communications, of which this, the first, 
describes the methods developed for the isolation of the neutral steroids 
from urine and for their quantitative measurement. 

Subsequent reports will include the characterization of the ketosteroids 
isolated (6), the application of infra-red spectroscopy to their analysis and 
identification (7), and the descriptions of the qualitative and quantitative 
patterns of the steroids excreted by normal individuals and by patients with 
various disorders including neoplastic growth. Such comparisons have 
been made possible by the application of standardized procedures involv- 
ing the methods herein described to the urine specimens of a large 
number of individuals. 


EXPERIMENTAL 


Collection and Preservation of Urine--The urine specimens were collected 
in series of 3 to 4 day periods from hospitalized patients and 6 to 10 day 


* The authors gratefully acknowledge the assistance of the Frances and Sidney 
Brody Charitable Fund, the Jane Coffin Childs Memorial Fund for Medical Research, 
the Commonwealth Fund, the Anna Fuller Fund, the Albert and Mary Lasker Found- 
ation, the Adele R. Levy Fund, the Eli Lilly Fund for Steroid Research, the New York 
Foundation, the Sidney Rheinstein Fund, the Mose Rippa Fund, the Felix M. and 
Frieda Schiff Warburg Foundation, the Alfred P. Sloan, Jr., Research Fund, the 
Teagle Fellowship Fund, and the Whiting Foundation. Preliminary reports have 
been presented (1-5). 
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periods from out-patients of the Memorial Hospital. In many instances 
the urine collections from the hospitalized patients were stored in a re- 
frigerator without preservative; those from out-patients were accumulated 
in carboys containing small amounts of chloroform or toluene. Occasion- 
ally larger collections from patients with rare disorders, principally of the 
adrenal cortex, were obtained from other institutions. With these larger 
collections precautions were taken to have the urine made acid to Congo red 
by the addition of sulfuric acid. The pH of the urine was checked routinely 
when the collection was received in the laboratory; nearly all of the speci- 
mens were acid. 

The total collection periods varied in length because of the variability in 
the steroid content of urine from different individuals; urines of low steroid 
eontent were collected for several months. Immediately after it was re- 
ceived, the urine collected in each period of the series, for example in each 
3 day period, was submitted to hydrolysis, ether extraction, and separation 
of the ether-soluble material into the neutral, the phenolic, and the acidic 
fractions. These fractions were then stored until sufficient amounts of 
material reacting as 17-ketosteroids were accumulated. The separate 
fractions of the extracts of the total material collected were then combined 
and further purified and separated as described below. As «a routine 
precaution the ketosteroid content of the neutral fraction was determined 
for the material collected during each period. The amount per 24 hours 
was calculated in both the long term and the 3 day collections; these usually 
agreed, but, when they did not, that of the short term collection was as- 
sumed to be the more accurate, and the actual number of days represented 
in the long term collection was caleidated from the amount per 24+ hours in 
the short term collection. 

The flow sheet for the procedures employed in separating the urinary 
steroids is shown in the accompanying scheme. The details of the various 
steps are described below. 

Hydrolysis of Urine—The urine was brought to pH 1 with concentrated 
sulfuric acid, then sufficient 50 per cent sulfuric acid was added to bring the 
total acidity to 5 per cent by volume, and finally the acidified solution was 
heated under a reflux for 4 hour. 

Extraction of Urine and Fractionation of Extracts —The urine specimens 
after hydrolysis were extracted with ether for 24 hours in Kutscher-Steude! 
type continuous extractors. ‘The ether was dispersed by passage through a 
fritted glass plate in order to increase the efficiency of the extraction. The 
extract was then concentrated to a convenient volume and separated into 
fractions containing the acidic, phenolic, and neutral materials by extract- 
ing the ether solution with 10 per cent sodium bicarbonate and 2 N sodium 
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hydroxide. ‘The sodium bicarbonate and sodium hydroxide solutions were 
reextracted twice with ether. The neutral ethereal solution was washed 
with water, evaporated to dryness under diminished pressure, and the resi- 
due was stored. At the end of each total collection period, all of the neutral 
fractions were combined, dissolved in ether, extracted with 2 N sodium hy- 


Flow Sheet for Extraction and Separation of Steroids from Urine 


Urine 
| 


Hydrolysis 


Ether extraction 


| Acidic Neutral Phenolic 
| fraction fraction fraction 


| 


| Girard’s Reagent T 


| 


| 
Ketonic fraction Non-ketonic fraction 


| 
| | Phthalic anhydride 


| 
| 
Digitonin Alcoholic Non-alcoholic 


fraction fraction 


| Digitonin 
eKetonic 8-Ketonic a-Hydroxy alco- 8-Hydroxy alco- 
| action fraction holie fraction holie fraction 


droxide, and washed with water. ‘The solvent was then removed and the 
residue Was designated the ‘‘crude neutral fraction.”’ 

The acidic fraction Was obtained by acidification of the sodium bicarbo- 
hate solution, followed by continuous extraction with ether. All of the 
individual fractions of this type from each subject were combined to give 
the total acidie traction. The solvent was removed and the residue saved 
| for later investigation. The phenolic traction was similarly obtained from 
the 2 N sodium hydroxide solution and stored for future work. 
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Analytical Procedures 


Quantitative Determination of Ketosteroid Content by Zimmermann Re- 
action—The ketosteroid content of the neutral fraction Was measured by 
the Zimmermann reaction with use of the Callow absolute alcohol tech- 
nique (8, 9) as modified by Talbot ef al. (10)... This procedure was used in 
preference to the determination of the weight of the total solids, since many 
of the fractions contained large amounts of substances other than steroids. 
In colored samples, corrections for blank readings were made, but no other 
color correction factors were used (10, 11). Androsterone was used as the 
standard reference compound, and hence all ketosteroid values are expressed 
in mg.-equivalents of androsterone. 

As purification of the neutral fractions proceeded, the color obtained by 
the Zimmermann reaction became more typical of that given by andros- 
terone. After chromatographic separation, the highly purified 17-keto- 
steroids showed the characteristic color given by androsterone, while the 
20-ketosteroids gave atypical colors characterized by much lower extinction 
coefficients (12, 13). 

The average daily ketosteroid value (Column 7, Table I) for a long collee- 
tion period was calculated by dividing the total ketosteroid value of the 
“crude neutral fraction” by the number of days of collection. A check on 
this value was obtained by the procedure previously described. The keto- 
steroid contents of the various fractions, e.g. a-ketonic (ketosteroids not 
precipitated by digitonin), 8-ketonie (ketosteroids precipitated by digi- 
tonin), ete., were similarly determined by the Zimmermann reaction, and 
the values were computed in terms of the average daily excretion. The 
results obtained in a representative series of normal and abnormal individ- 
uals are given in Table I. 

Quantitative Determination of Alcoholic Groups in Non-Ketonic Steroids— 
The method used to determine the hydroxy! groups of the steroids in the 
non-ketonic fractions depends on the formation of the half acid phthalate 
esters and the titration of these with dilute alkali (14). Since indicators 
could not be used because of the color present, the titration was followed 
electrometrically by means of the Coleman glass electrode. 

A weighed aliquot of the alcoholic fraction containing from 5 to 30 mg. of 
material was taken for analysis. The sample was transferred to a small, 
long neck flask with a 24/40 standard tapered joint, benzene was added, 
and the material dried by distillation of the solvent, followed by evacuation. 
1 ml. of a pyridine solution of phthalic anhydride which contained about 
30 mg. of anhydride was introduced into the flask, an air condenser pro- 
tected by a calcium chloride tube was attached, and the solution was 
heated in an oil bath at 130° for 3 hours. At the end of this period, 5 ml. of 
water were added and the mixture was allowed to stand at room tempera- 
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ture for 10 minutes. ‘The solution was then transferred quantitatively to a 
beaker by washing first with 25 ml. of ethanol and then with 20 ml. of water. 
The electrodes, stirrer, and burette tip were placed in this beaker below 
the surtace of the solution. The titration was carried out with 0.02 to 
0.03 N sodium hydroxide. The end-point was determined by the graphic 
method (15). 

The microgram-equivalents in the alcoholic traction were calculated by 
the tollowing expression. | 
Microgram-equivalents = 1000 KX N X (ml., mil .,) 

where N = normality of the alkali used 
ml.g = mil. of alkali consumed in the titration of L ml. of the pyri- 
dine solution of phthalic anhydride 
ml. = ml. of alkali consumed in the titration of the unknown 
sample 


Since (ml.g — ml.) is a measure of the tree carboxyl groups in the phithal- 
ate halt esters, it is proportional to the amount of aleoholic steroid 
present. 

The procedure was applied to several pure compounds (CPable Il). It is 
apparent that not only an OH group at Cy, of the steroid nucleus torms a 
halt ester with phthalic aeid, but also the Cy; and Coo OH groups, in andro- 
stanediol-3a,l7a@ and pregnanediol-3a,20a, respectively, likewise react to 
form half esters under the conditions of the determination. 

The values obtained on representative non-ketonic alcoholic iractions 
from urine are given in Table I (Columns 12 and 13). It is important to 
note that the values represent a measure of the hydroxy! groups capable of 
reacting with phthalic anhydride under the specific conditions of the de- 
termination; the magnitude of the value depends not only on the absolute 
amount of steroid present but also on the number of reactive hydroxy! 
groups present in the various constituent steroids. Thus, the higher value 
(Table I, Column 13) for microgram-equivalents of the non-ketonic al- 
coholic fraction of pregnancy urine (as compared with the same fraction 
from normal urine) is in part due to the higher content of pregnanediol with 
two reactive hydroxy! groups. 

Application of Ultraviolet and Infra-Red Spectrometry — Whe application ot 
ultraviolet: spectrometry to steroids is limited to the detection of con 
jugated unsaturated groupings. Standard technique with the Beckman 
quartz spect rophotometer has been emploved. Intra-red) spectrometrs 
has been used extensively in these investigations, and the experience with 
this procedure is the subject of «a separate Communication (7). 


Neutral Fraction Separation Procedures 


Separation of Ketones from Non-Ketones by Girard’s Reagent T—The 
ketonic and non-ketonic constituents of the ‘‘crude neutral fraction’? were 
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separated by means of Girard’s Reagent T (16) in the usual manner with 
10 ml. of absolute ethanol, 1.25 ml. of glacial acetic acid, and 1.0 gm. of the 
reagent for each 100 mg. of ketosteroid present. The ketones were re- 
covered trom the hydrazones by acid hydrolysis at pH | at room tempera- 
ture for at least 16 hours, tollowed. by continuous extraction of the 
hydrolysates with ether for 24 hours. The hydrolysis of certain steroid 
hydrazones is not always complete in a period shorter than 16 hours at pH 
| and the exhaustive extraction with ether is necessary to effect complete 
recovery of certain highly oxygenated water-soluble steroids. THe 17- 


‘ TABLE II 


Determination of Pure Alcoholic Stercids by Formation and Titration of Acid 
Phthalate Esters 


Substance Weight | Relluxing Found* | Calculated Yield 


| | | 


| ~—_ hrs equivalents | equivalents | per cent 
Androsterone 10.02 2 $4.1 | 34.5 | 99 
Etiocholanol-3e-one-17 10.73 2 4.9 | 37.0 | O4 
Dehydroisoandrosterone | 30.29 l 101.0 105.0 06 
Pregnano! 3a-one-20 ' 10.27 l | 32.9 | 32.3 | 102 
20.00 3 60.5 62.9 | 96 
Cholesterol 24.80 l 62.9 | Gi.3 | 9S 
10.40 3 25.0 | 2.9 | 98 
Androstanediol-3a. l7a 9.20 62.4 63.0T 99 
| 10.90 3 73.5 74.6¢ | 98 
Pregnanediol-3a, 20a 25.47 135.9 159.2t | S6 
25.41 3 156.0 158.87 99 


*Titrated with standard 0.02 NaOH. 
t Calculated for 2 equivalents of acid. 


ketosteroid contents of the resulting ketomie and non-ketonic tractions 
were determined routinely, although the non-ketonie fractions invariably 
gave atypical brown colors. “The ketosteroid values of the ketonic frac- 
tion for a representative group of individuals are given in Table | 
Column 8). 

Frequently the Girard fractionation was repeated on both the ketonic and 
non-ketonic materials, since it is known that such separations are not 
strictly quantitative. A more effective separation of the residual non- 
ketonic impurities is obtained by repetition of the Girard separation after 
a preliminary chromatographic purification. 

Separation of Ketonie Steroids by Precipitation with Digitonin——The 
methods which have been emploved by various investigators for the separa- 


‘tion of the a- and 3-ketosteroids differ principally in the concentration of 
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aqueous ethanol used (17-19). Since Noller (20) has shown that the digi- 
tonides of different steroids vary considerably in their solubility in alcohol, 
it appeared preferable to choose a standard procedure in which the ratios 
of alcohol, water, digitonin, and ketosteroid concentrations were constant. 
The procedure of Butler and Marrian (21) was employed with minor modi- 
fications. ‘The digitonides were precipitated from a 90 per cent ethanol 
solution in which the concentration of ketosteroid was 1 per cent, and that 
of the digitonin was 1.2 per cent. The amounts of a- and 8-ketosteroids so 
separated were determined by the Zimmermann reaction. The results 
of such determinations for a representative group of individuals are given 
in Table I (a, Column 9; 8, Column 10). 

Separation of Alcoholic and Non-Alcoholic Non-Ketones with Phthalic 
Anhydride— Attempts to separate the constituents of the non-ketonie fraec- 
tion by chromatographic analysis met with little success because of the 
relatively large amounts of non-steroidal material. When, however, the 
alcoholic substances were separated from the non-alcoholic components, 
it was possible to achieve extensive purification of the alcoholic fraction. 
The separation was made according to the tollowing procedure: The 
thoroughly dried non-ketoniec residue obtained from the Girard separation 
was dissolved in anhydrous pyridine, 1 ml. for every 100 mg. of residue. 
Freshly fused phthalic anhydride equal in weight to the non-ketonic residue 
was added, and the mixture heated on an oil bath at 130° for 3 hours under 
a reflux condenser protected with a calcium chloride tube. The reaction 
mixture Was poured into an ice and water mixture and extracted three times 
with ethyl acetate. The extracts were washed with 10 per cent sulfuric 
acid and the acid washings were discarded. The ethyl acetate solution was 
extracted with six separate portions of 2 N sodium hydroxide, and then the 
ethyl acetate solution was washed several times with water. The ethyl 
acetate was removed by distillation under diminished pressure, and the 
residue! was designated the ‘‘non-aleoholic fraction.” 

The combined sodium hydroxide extracts were acidified to Congo red 
with 10 per cent sulfuric acid and extracted with three separate portions of 
ethyl acetate. The ethyl acetate solution was washed five times with water 
and the solvent was removed under reduced pressure. The residue, which 
contains the phthalic half esters of the alcohols and some free phthalic 
acid, was converted to the free aleohols by the method of Chibnall (22). It 
was weighed and dissolved in benzene and absolute ethanol, 5 ml. of benzene 
and 1 ml. of absolute ethanol being used for each 100 mg. of solid. The 


1 The resulting product contains acidic material which cannot be removed by 
repeated extraction of the ethyl acetate solution with alkali. However, it can be 
readily removed by dissolving the residue in carbon tetrachloride and extracting with 
four to six portions of 2 N sodium hydroxide. 
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solution was heated to boiling, 1.5 ml. of a hot 10 per cent sodium methylate 
solution were added, and the heating was continued under a reflux for 10 
minutes with frequent agitation. A copious precipitate of sodium methyl 
phthalate formed. ‘The mixture was cooled to room temperature, an excess 
of water was added, and the mixture was extracted with three portions of 
ethyl acetate. The ethyl acetate extracts were combined and washed 
several times with 2 N sodium hydroxide and with water. After drying over 
sodium sulfate, the ethyl acetate was removed under diminished pressure, 
and the residue was weighed and designated the “alcoholic fraction.’’ The 
results obtained when this procedure was applied to pure steroids and to 
urinary extracts are presented in Table III and in Table I (Column 12) 
respectively. 


TaABLe III 
Recovery of Crystalline Steroids by Phthalic Anhydride Separation Procedure 
| Weight | Titration 
Substance 
Taken Recovered | Taken*® | Recovered® 
ms. | percent equivalents, cent 
Dehydroisoandrosterone..... | 200.1 | 209.9 | 105 688 747 109 
Pregnanediol-3a, 20a 130.2 | 134.2 | 103 876 804 92 
Androstanediol-3a, 17a :170.6 | 108 1097 | 1137 | 104 


* These values are the averages calculated from at least three determinations 
made on accurately weighed aliquots of approximately 10 mg. each. 


The microgram-equivalents of the “‘aleoholic fractions” (Table 1, Column 
13) were determined by the method previously described. The micro- 
gram-equivalents of the “non-alcoholic fractions’? invariably showed a 
negligible content of alcoholic compounds at this stage. 

Separation of Ketosteroids by Chromatographic Adsorpltion—The ketonic 
fractions were submitted to systematic chromatographic separation mod- 
eled on the procedure used in fractional erystallization. In the course 
of 4 vears of experience it has been possible to introduce certain improve- 
ments into the original procedure, which have decreased the number of 
chromatograms necessary, Increased the efficiency of each, and minimized 
the destruction of certain compounds. The general procedure which 
follows can be modified in accordance with the varying amount of steroids, 
pigments, oils, and other substances present. In general, the ketonic 
fractions from urine samples with a high ketosteroid content are more 
readily purified than those from samples with a low ketosteroid content. 

Adsorbents and Solvents—Magnesium silicate (No. 34 obtained from the 
Philadelphia Quartz Company, Berkeley, California) diluted with 1 part 
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by weight of Celite (analytical filter aid from Johns-Manville, New York) 
were used. Aluminum oxide (standardized according to Brockmann from 
Merck and Company, Rahway, New Jersey) was also employed. ‘To avoid 
variability in quality of different lots, a large quantity of aluminum oxide 
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Fic. 1. Flow-sheet for systematic fractional chromatographic separation of a- 
ketonic steroids of urine. a, ligroin-benzene (1:1); b, CCly-benzene (1:3); 
d, CClh-benzene (1:1); e, benzene; f, ether-benzene (1:9); g, ether-benzene (1.5:8.5); 
h, ether-benzene (1:4); 7, ether-benzene (1:3); 7, ether-benzene (1:1); k, ether; l, 
methyl alcohol-ether (1:49); m, methyl aleohol-ether (1:19); n, methy] alcohol-ether 
(1:9); 0, methyl aleohol-ether (1:1); p, methyl alcohol; and q, glacial acetie acid. 
The cross-hatched squares indicate magnesium silicate adsorbent; cross-hatched 
circles, aluminum oxide adsorbent; @, crystalline fraction. The capital letters refer 
to Chromatograms A, B, C, ete. The amounts of ketosteroids are expressed in mg. 
of androsterone equivalents. 


of Lot 41132 was purchased and has been used throughout the investiga- 
tions. 

The solvents were of c.p. or reagent grade from commercial sources. 
Only the ligroin was further purified by washing with concentrated sulfuric 
acid, 2 N sodium hydroxide solution, and water. It was then dried and 
distilled from calcium chloride. 
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Chromatographic Procedure—When magnesium silicate was used as the 
adsorbent, short, broad tubes (15 to 75 mm. inner diameter X 30 em. in 
height) which had fritted glass plates sealed in just above the stop-cocks 
were found to be most satisiactory. ‘The weight of magnesium silicate- 
Celite mixture used was from 60 to 150 times the ketosteroid content as 
determined by the Zimmermann reaction. The height of the column 
generally was from | to 3 times its diameter. A thin slurry of the finely 
powdered magnesium silicate-Celite mixture was prepared with carbon 
tetrachloride or benzene and poured rapidly into the tube. The mixture 
was stirred vigorously with a glass rod and then nitrogen gas under pressure 
from a cylinder was applied. When most of the solvent had been removed, 
a layer of glass wool was placed on the surface. Under no circumstances 
was the column permitted to become dry. 

For chromatographic separation on aluminum oxide, adsorption columns 
from 12 to IS mm. in diameter and 500 to 600 mm. in height with a bulb 
of about 300 ml. capacity fused to the top and a No-Lub stop-cock at the 
base were used. Plugs of absorbent cotton were inserted, the tube filled 
with the appropriate solvent, and the aluminum oxide poured slowly into 
the solvent while the tube was tapped gently with a soft rubber mallet. 
The stop-cock was then opened and, as the solvent flowed out, the alu- 
rainum oxide settled uniformly. The amount of aluminum oxide used 
was 60 to 100 times the ketosteroid content, determined by the Zimmer- 
mann reaction, present in the fraction to be chromatographed. The height 
of the aluminum oxide column was trom 20 to 30 times the diameter. 

The material to be chromatographed was dissolved in an appropriate 
solvent (ligroin-benzene (1:1) mixture, carbon tetrachloride, or benzene) 
and the concentration adjusted so that the ketosteroid content was from 
2to 5 per cent. The solution was forced through the column under nitro- 
gen pressure and the various eluates were collected in the same manner in 
50 or 75 ml. portions. The chromatogram was developed by employing 
a series of solvents of increasing polarity in the following sequence: ligroin, 
carbon tetrachloride, benzene, ether, acetone, methanol, ethanol, and acetic 
acid. ‘Transition from one solvent to the following eluant was made by 
using mixtures of the two in varying proportions. Acetone, while valuable 
with magnesium silicate columns, is to be avoided with aluminum oxide 
columns because oily condensation products are formed which interfere 
with subsequent crystallization of the steroids. Elution with a particular 
solvent mixture Was continued until no further material was removed from 
the column before the next solvent or solvent mixture in the series was 
emploved. The eluates were evaporated to dryness on a steam bath, and 
the ketosteroid content of each routinely determined by the Zimmermann 
reaction. 100 to 260 eluates were obtained from a typical chromatogram. 
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Fractional Chromatographic Separation—As an example of the procedure 
employed, a short description is given of the fractional chromatographic 
separation of the a-ketonic steroids from the urine of a normal man (Case 
NM1, Table I). The urine specimens were collected for a period of 114 
days and amounted to 168 liters. 

A flow sheet of the chromatograms used in this separation is shown in 
Fig. 1. The ketosteroid content by the Zimmermann reaction of the crude 
a-ketonic fraction was 1853 mg. in terms of androsterone equivalents. 

It is important to note that the kctosteroid values expressed as androsteron 
equivalents do not by any means represent either the total weight of the material 
or the true ketosteroid content because of the variation in chromogenic value of 
the different 17-keto, 20-/:cto, and other ketonic substances present in the ex- 
tracts. The expression **mg. of kectosteroid content” ts, thercfore, to be under- 
stood in this particular sense, and represents a convenient tndex of the degree 
of purification or a basis for comparison with other extracts rather than an 
absolute measure of the individual components of the mixture. 

The first chromatogram’ (A, Fig. 1) was carried out with L1O gm. of 
magnesium silicate-Celite mixture and gave a rough separation into five 
fractions. ‘The first fraction (AI), eluted with 450 ml. of carbon tetra- 
chloride, had a ketosteroid content of 732 mg. ‘The second fraction (AIT), 
eluted with 370 ml. of carbon tetrachloride, had a ketosteroid content of 
426 mg. In the third fraction (AIII), 300 ml. of benzene-carbon tetra- 
chloride mixture (1:3) and 30) ml. of benzene-carbon tetrachloride (1:1) 
yielded 270 mg. The fourth fraction (ALV), eluted with 459 ml. of ben- 
zene, 450 ml. of ether-benzene mixture (1:1), and 450 ml. of ether, contained 
362 mg. The fifth fraction (AV) was eluted with 450 ml. of methanol 
and 300 ml. of glacial acetic acid. This highly pigmented fraction had a 
ketosteroid content of only 17 mg. A total of 1426 mg. of ketosteroids 
was thus recovered from the 1853 mg. originally determined. The dif- 
ference between these two values does not indicate an actual loss of 427 
mg.; rather, the discrepancy is due in part to elimination’ of non-specific 
chromogens in the course of the purification, and in part to the accumula- 
tion of errors from the numerous ketosteroid determinations. 

Because separation with Girard’s Reagent T is more efficient after an 
initial chromatogram, each of these five fractions was again submitted to 
a Girard separation in order to remove the non-ketonic impurities still 
present. For example, indigo red, present in relatively large amounts in 
Fraction AIII could now be removed almost completely from the ketonic 
fraction by the Girard separation, whereas considerably less could be re- 
moved by repeated treatment of the crude neutral material with Girard’s 
reagent prior to chromatography. ‘The use of the Girard separation before 
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each of the subsequent chromatograms was extremely valuable, since it 
reduced to half the number of chromatograms necessary to achieve satis- 
factory separation and purification. 

Fractions AL and ALL were chromatographed on alumina (Chromato- 
grams and Chromatogram B was started with 1200 ml. of ligroin- 
benzene mixture (1i1) and continued with 900 ml. of benzene, 900 ml. of 
ether-benzene mixture (1:9), 1500 mil. of ether-benzene mixture (1:5), 
1200 mi. of ether-benzene mixture (1:4), 300 ml. of methanol, and finally 
150 mil. of glacial acetic acid. The material present in the benzene-ligroin 
eluate (Fraction BL) showed absorption in the ultraviolet region which 
indicated the presence of material containing a conjugated diene system 
similar to that in A*®°-androstadienone-17. From the benzene traction 
(BIL) crystalline material melting at 176° was obtained. The third frae- 
tion (BILL) Cether-benzene 1:9) was non-ervstalline and was rechromato- 
graphed in Chromatogram J. he fourth fraction (BIV) (ether-benzene 
l:d5.and 1:4) contained impure androsterone which was rechromatographed 
in Chromatogram H. Lhe methanol fractions (BV) were combined with 
Fraction ATL and rechromatographed in Chromatogram D. The last 
fraction, eluted with acetic acid (Fraction BVI), was rechromatographed 
in Chromatogram F. 

Fraction ALV was rechromatographed (Chromatogram ©) on the mag- 
nesium silicate-Celite mixture. The first eluate was obtained with 600 
ml. of benzene-carbon tetrachloride mixture (1:1) (Fraction CI); subse- 
quent tractions were obtained with 300 ml. of benzene, 450 ml. of ether- 
benzene mixture (1:9), 450 ml. of ether-benzene mixture (1:4) (Fraction 
CII); with 300 ml. of ether-benzene (3:7) and 300 ml. of ether (Fraction 
CHI); and 300 mi. of methanol (Fraction CIV). None of the fractions 
yielded crystalline material. Each traction was combined with similar 
fractions from the other chromatograms, fractionated with Girard’s Re- 
agent ‘Ty and rechrormeatographed as shown in Fig. 1. In this manner a 
hearly quantitative separation of the steroids was achieved. The sharp 
separation obtaimed is illustrated in Table IV, which shows in detail 
Chromatogram Hy, om whieh the diastereoisomers, androsterone and 
etlocholanol-3a-one-L7, were separated. 

Results of Chromatographic Separation he eluates have been divided 
arbitrarily into three groups. The first (No. 1), ‘early’? group, is eluted 
before undrosterone. “Phe second (Group Il), “middle” group, consists 
of androsterone and etiocholanol-3e-one-17. The third (Group IID), 
“late” group, represents substances eluted atter etiocholanolone. Table 
V gives x summary of the results of the fractional chromatographic analysis 
of the a-ketonic steroids of Case NMI. [t shows the type and amount of 
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TABLE IV 


Chromatogram H (Cf. Fig. 


of Aluminum Oxide 


1), 460 Mg.;* Ketosteroids Chromatographed on 70 Gm. 


; | | | 
Eluent steroid Mp. | Remarks 
mil. mg.* "ie 
Benzene 150 | 
2 150 3.7 
3 300 15.5 5; 
4 300 19.8 | 160-165 | chromate. 
Ouy graphed in J 
(cf. Fig. 1) 
7 E-ther-benzene 1:9 300 15.1 
8 se 1:9 300 13.1 o | 
9 “ 1:9 300 1.9 
10a o 1:9 75 2.7 | 177-184 
b oe 1:9 75 3.8 | 178-183 || 
c a 1:9 75 5.0 | 178-183 
d ae 1:9 75 8.0 | 178-183 | 
11 1:9 4X75} 36.9 | 178-183 ||... 
12 “ 1.5:8.5 |4Xx75| 67.3 | 178-183 
13 1.5:8.5 | 4X75, 48.7 | 178-183 (of 
14 1.5:8.5 (4X75 | 36.1 | 178-183 
15 1.5:8.5 4X75) 20.0 | 178-183 | 
16 1.5:8.5 (4X75!) 22.3 | 178-183 
17 1.5:8.5 | 4X75] 15.7 | 178-183 
18 “ 1.5:8.5 |14x75| 11.8 | 178-183 
19a ‘ 1.5:8.5 | 75 | 2.4 | 178-180 | 
b 1.5:8.5 | 7 | 2.6 | 380-182 | 
1.5:83.5 | 75 | 2.7 | 136-146 | 
d “ | | 136-143 || 
20 1.5:8.5 8.1 | 136-143 
21 1:4 300 | 9.9 | 136-143 || 
22 | 1:4 300 10.1 | 136-143 |) 
is 1:4 9.1 | 136-143 |) Table 
24 1:4 8.5 | 136-143 || ction 6b) 
25 “ 1:3 300 8.4 | 136-143 || ~’ 
26 | 1:3 300 17.4 | 143-146 
27 1:3 300 2.9 | | 
28 3:7 300 | 
29 re 3:7 | 300 | 
| | {Fraction HIV 
32 1:1 | 
33 Ether 300 
34 Methy! alcohol _ 300 2.4 | Fraction HV 


* Androsterone equivalent in the Zimmermann reaction. 
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TABLE V 


Summory of Fractions Obtained from Systematic Chromatographic Separation of 
a-Ketonic Steroids (See Fig. 1) 


Chromatogram Fraction No. Amount® | Nature of fraction 


Group I (‘‘early’’) 


me. 
B l and 2 | 129 -M.p. 108-110°; mixture of A*5-androstadi- 
enone-17 and A?*-androstenone-17 and 
| 
46 M.p. 125-155° and gum 
J | 3 | 12 | * 160-165° 
| 4and 5c | 59  120-135° and gum 
Group II (“middle”) 
J | 4 | 23 | M.p. 176-180° 
H | 5b | 292 | 180-183°f° 
K | 5e | 5 | 176-180° 
D 6a | 4352 | “ 140-144° 
H 6b | 80 |  141-143° 
K | Ge | Etiocholanol-3a-one-17 
L | 7 | 41 | 140° and gum | 
Group III (‘‘late’’) 
| 9} 188-189°; etiocholanol-3a-dione-11,17 
| | | and gum 
10 | 27 | Gum 
Total recovery. | 1426 | 
Initial amount.........| 1853 
Recovery, “%.. . | 77 


* Androsterone equivalents. 


VI 
Reproducibility of Chromatographic Separation 


a-Ketonic fraction 


| Aliquot A | Aliquot B 
| per ceni | per cent 


4 
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the different crystalline compounds tsolated as well as the fractions 
which gave « positive Zimmermann reaction but trom which no ervstalline 
material was obtained. 

Reproducibility of Results—The reproducibility of the results of a typical 
chromatographic separation of two aliquots of the same urine, when stand- 
ardized procedures are employed routinely, is shown in ‘Table Vi. It will 
be seen that similar values were obtained by chromatographing two equal 
portions of an extract from a pool ot urme of normal males. The differ- 
ences between the results of the two separations are not significant. 


DISCUSSION 


Since the urinary steroids are excreted in conjugated torm, the only 
practicable method for obtaining all ot the free compounds is by means of 
acid hydrolysis. Quantitative isolation of the conjugated steroids as sueh 
is impractical for the purpose of this investigation, since little is known about 
the nature ot the conjugates. Onlv a tew glacuronides (23-26) and ethereal 
sulfates (27-29) have been tsolated trom human urme. Certsin conjugated 
as Well as free steroids are affected by relatively mild acid hydrolysis, lead- 
ing to the formation of such transtormation products as A**-androsta- 
dienone-17 (1, 30, 31), A*°*®-androstenone-17 (1, 27, 32-35), AM. 
androstenol-3e-one-17 (30), and chlorodehydroisoandrosterone (30, 36, 
37). It is known that the adrenal cortical-like activity which can be 
demonstrated im ethylene dichloride extracts of unhydrolyzed urine is 
lost after acid hydrolysis (38); this may be related in part to the tuet thar 
the 38-hyvdroxyl group at Cy, of the adrenal cortical steroids is eliminated by 
heating with acid, with the production of the corresponding A® compounds 
(39, 40). There seems to be little likelihood that a single method of hy- 
drolysis will be found which will cleave all conjugated steroids without 
any change in the products of hydrolysis.  “Pranstormations may occur 
at the time the conjugates are cleaved, and, hence, are not necessarily the 
result of the prolonged action ot the hydrogen ion on the unconjugated 
steroids. The tailure to prevent these changes by simultaneous extrac- 
tion during hydrolysis is in agreement with this concept (41). Neverthe- 
less, the chemical structure of the transtormation product is of considerable 
importance in the recognition and elucidation of the structure of the un- 
altered compound as excreted in the urine, and may contribute to the 
development of « method for its isolation. The method of acid hydrolysis 
described was adopted with its limitations fully in mind. Regardlessoi 
the inadequacies of this method, the results obtained are comparable, since 
the same procedires were used throughout the experiments. 

The quantitative determination of the non-ketonie aleoholic steroids 
by titration of the phthalate half esters presented some difhculty when 
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applied to crude urinary extracts, despite the fact that very acceptable 
results were obtained in model experiments with pure steroids (Table IT). 
The discrepancy may be due in part to the difficulty encountered in remov- 
ing the last traces of ethanol and water from large amounts of crude oily 
extracts. In addition, relatively small aliquots are taken routinely, and 
small errors are greatly magnified when calculated back to the total weight 
of the initial extract. ‘Phe procedure is helpful, however, in following the 
progress of purification of the “‘aleoholic fraction;’’ the results of further 
application of this method will be dealt with in subsequent reports. 

The method of cleaving the phthalate half esters by ester exchange is 
similar to that used by Chibnall (22). The aleohols recovered from the 
phthalate half esters were amber-colored semicrystalline oils, while the 
“non-alcoholic non-ketonic”’ fractions were viscous red oils and comprised 
H0 to 90 per cent of the material which did not react with Girard’s Reagent 
T. The separation of these fractions into their components will be the 
subject of further Communications. 

The a- and 3-ketosteroids were not separated into alcoholic and non- 
alcoholic Components by the phthalic anhydride method since it was de- 
sired to avoid treatment with alkali. The separation of the non-alcoholic 
components Was casily effeeted in the course of the chromatographic analy- 
sis und so the use of the phthalate method presented little advantage. 

Separation of urinary steroids by chromatographic methods has been 
emploved by many other investigators. The choice of a proper adsorbent 
tor chromatographic separation presents considerable difficulty, since the 
criteria ob selectivity, availability, and unvarving adsorptive capacity are 
seldom encountered in a single product. ‘wo requirements are very im- 
portunt tor the investigations herein reported: (1) the compounds must 
not be changed by the chromatography, and (2) the reproducible results 
must be obtaimed on steroid mixtures regardless of the source of the mix- 
tures. It has been shown, tor example, that rearrangements and saponifica- 
tion of esters can occur on alumina (37, 42-43). The experience of this 
laboratory proves that at least one compound,’? a 8-ketosteroid with an 
a,8-unsaturated carbonyl group, melting at 238-240°, and with an absorp- 
ion maximum at 237 my, which was isolated from the urine of a patient 
With an ovarian tumor, was unstable on a column of alumina. A small 
amount of this compound was obtained by elution with ether containing 
| per cent methanol. Another less pure sumple of the same substance with 
a colorimetric ketosteroid value of 190 mg. was rechromatographed on alu- 
mina in an attempt to purify it. The oily eluates which were obtained 
could not be crystallized and had a colorimetric value of only 90 mg. In 


?Compound B6 (6). 
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complex mixtures of unknown compositions, it 1s very difficult to determine 
whether substances have been changed during a chromatographic separa- 
tion, since the available criteria for the recovery of all of the original 
material are based on colorimetric measurements or determinations of 
weight. Of the many adsorbents tested as substitutes for alumina, mag- 
nesium silicate was found to give the best recovery in terms of both weight 
and chromogenic value. ‘This product is not as selective as alumina, or as 
powerful an adsorbent, but it is extremely useful for material which ean be 
eluted from alumina only with highly polar solvents. Compounds (late 
group, No. III) which can be eluted trom alumina only with methyl al- 
cohol-ether mixtures with some loss of material can be eluted from mag- 
nesium silicate with ether-benzene mixtures without loss or obvious altera- 
tion. 

Because the recovery of the early (Group I) and middle (Group II) 
groups of ketosteroids appeared to be satisfactory when alumina is used, 
and losses were encountered only in those fractions which were eluted 
after etiocholanol-3a-one-17, the procedure (as illustrated in the section 
“Fractional chromatographic separation’’) was devised to take advantage 
of the adsorptive properties of both alumina and magnesium silicate (Fig. 
1). A preliminary separation was accomplished by chromatographing the 
crude extract on magnesium silicate-Celite mixture (Chromatogram A, 
Fig. 1). From this adsorbent the steroids of the early and middle groups 
were eluted with carbon tetrachloride and benzene-carbon tetrachloride 
(1:4) mixtures. In the great majority of crude fractions a sharp band of 
red pigment (indigo red) moved slowly down the column with these solvents 
(44). Examination of the eluates (usually benzene-carbon tetrachloride 
(1:4) and (1:1)) in which this red pigment was present revealed that the 
principal steroid constituent was etiocholanol-3a-one-17. Therefore, all 
the red pigment eluates and those which were subsequently eluted with 
more polar solvents were considered to contain the late fractions (Group 
III) together with etiocholanolone. These were combined and rechroma- 
tographed on magnesium silicate. ‘This procedure not only separated the 
early and middle fractions from the more strongly adsorbed late one, but, 
what is more important, it accomplished the separation of the relatively 
labile late fractions without submitting them to the more drastic condi- 
tions encountered with aluminum oxide. By combining suitable eluates 
from different chromatograms and rechromatographing on the appropriate 
adsorbent (Fig. 1), complex mixtures were resolved into their components 
(Table IV, Chromatograph H). With some structurally similar com- 
pounds, such as A?*-androstadienone-17 and A? 
or isoandrosterone and dehydroisoandrosterone, a partial separation is 
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achieved only after repeated chromatography; however, most substances, 
including diastereoisomers, were separated easily. 

In the course of this investigation over 300 extracts of urine have been 
separated by chromatographic adsorption procedures. With precisely 
defined conditions of a fixed sequence of solvents, the steroids are invariably 
eluted in the same order. Never, for example, has pregnanolone been 
eluted before allopregnanolone, or etiocholanolone before androsterone. 
This does not imply that impure samples of a particular steroid will always 
be eluted with a particular solvent mixture, for the elution of any given 
compound is markedly influenced by the impurities which accompany that 
substance. Under identical experimental conditions a pure compound is 
always eluted from the adsorbent by a particular solvent; an impure sub- 
stance is eluted by a less polar solvent or mixture of solvents. Neverthe- 
less, the steroids are invariably eluted in the same relative order regardless 
of the presence or absence of impurities. As purification of the steroids 
progressed, more and more of the material eluted was crystalline or could 
be crystallized readily. The characterization of these crystalline com- 
pounds 1 is the subject of Paper II (6). 

An example of the reproducibility of the results of a chromatographic 
separation is given in ‘Table VI. This illustrates that very satisfactory 
results can be achieved with chromatography. Even if much larger errors 
were accumulated during the sequence of separation procedures, they would 
be of much smaller magnitude than the variations that arise spontaneously 
in the state of health or disease. 


SUMMARY 


1. A description is given of the methods devised to determine the quali- 
tative and quantitative variations between the patterns of steroid excretion 
in human urine in health and in disease, including neoplastic growth. 

2. The methods described include the procedures which have been stand- 
ardized (a) for the collection, hydrolysis, and extraction of urine; (b) for 
the separation of the ether-soluble material into acidic, neutral, and phe- 
nolic fractions; (¢) tor the separation of the neutral fraction into ketonic, 
non-ketonie alcoholic, and non-ketonic non-alcoholic fractions; and (d) for 
the separation of the ketonic and of the non-ketonic alcoholic fractions into 
the digitonin-precipitable and digit onin-non-precipitable components. 

3. The method for the systematic chromatographic adsorption analysis 
of the ketonic fractions has been deseribed. 

4. Examples of the results obtained by the application of these methods 
have been presented. 

5. It is concluded that the methods described are satisfactory for the 
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separation and isolation of the constituents of the urinary steroid excretion 
patterns in health and in disease. 
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sistance in the preparation of this manuscript. 
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This paper reports the chemical investigation of steroids isolated from 


the urines of normal and diseased persons by the methods of extraction, 
hydrolysis, and partition described in Paper I of this series (8). In the 
course of the study a total of forty-two apparently homogeneous and non- 
identical substances have been encountered. ‘Twenty-six of these have been 


fully characterized and identified; the other sixteen are characterized and 


are probably new ketosteroids. ‘Twelve of the fully identified compounds 
have been isolated from urine by previous investigators.' The present re- 
port thus describes thirty? fully or partially characterized substances not 
encountered previously in human urine. Of the total of forty-two keto- 
steroids to be described, thirty-five are classified as a-hydrory compounds 
because they are not precipitated by digitonin; the other seven form spar- 
ingly soluble digitonides and are therefore designated as 8-hydroxy com- 
| pounds. Reference has been made to only a few examples of the clinical 
conditions in which a particular compound was excreted; subsequent re- 
ports will deal specifically with the steroid excretion patterns associated 


with various ¢linical states. 
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‘Citations to the literature are given in the experimental sections dealing with 


these twelve compounds. 


‘Included in the thirty compounds are the acetates (Compounds A6, A8, and A9) 


of three previously isolated steroids. 
263 


Be 


264 STEROID METABOLISM. II 


Relationship of Sequence of Elution to Chemical Nature of Compounds 


The steroids isolated are described in the experimental section in the 
sequence of their elution from aluminum oxide and magnesium silicate eol- 
umns. In Table I the a-ketonic steroids (those not precipitated by digi- 
tonin) are listed in the order in which they are cluted in the systematic 
chromatographic procedure. ‘The 8-ketonic steroids are listed in Table [[. 
The fact has been emphasized previously (S) that the sequence of com- 
pounds obtained in standardized chromatogram is always the same. 
though a number of the compounds listed in ‘Tables T and IT were not 
regularly encountered in the urine of all individuals studied, if present they 
were invariably eluted in the relative positions indicated in the tables. hn 
an example, allopregnanol-3a-one-20 (Compound AI7) and pregnanol-3e- 
one-20 (Compound AIS) (which are absent from the urine of normal male 
subjects but occur in the wine of pregnant women) always are cluted after 
androstanedione-3 ,17 (Compound (12) and etiocholanedione-3 ,17 (Com- 
pound A13) and prior to androsterone (Compound A20) and etiocholanol- 
3a-one-17 (Compound A24+). It would, of course, be erroneous to assume 
that a compound must be pregnanol-je-one-20 because it is cluted between 
androstanedione-3 ,17 and androsterone, since the possibility exists that a 
previously unrecognized compound may be eluted in this position. It has 
heen found that in the presence of large amounts of steroids, of unusual mix- 
tures, or of impurities, the sequence of elution of the compounds is the sam 
but each compound is eluted by a less polar solvent than is required to 
elute it when in the pure state. \ccordingly, no conclusion as to the nature 
of the compound in an eluted traction can be drawn trom the particular 
eluting solvent emploved, nor can a compound be identified by its position 
in the chromatogram (9). Adequate chemieal and physical (10) character- 
ization must. be made of each substance betore its identity can be estab- 
lished. With complex mixtures such as the ketomie tractions trom human 
urine, separation may not be accomplished if only a single chromatogram is 
employed. By a procedure which will be termed “fractional chromato- 
graphic analysis” involving several chromatograms, such separation may 
be achieved. The ease of separation of closely related compounds varies 
considerably. Certain diastereoisomers, for example androsterone-etio- 
cholanol-3a-one-17, can be separated completely after two or three chro- 
matograms. This is true also for the pairs androstunedione-3 , 17-etio- 
cholanedione-3 ,17 and pregnanol-3ea-one-20. In 
general the separation of the saturated from the unsaturated steroid ana- 
logues presents great difficulty (11). I-ven atter numerous chromatograms 
only a partial separation of mixtures of dehydroisoandrosterone (Com- 
pound B4) and isoandrosterone (Compound B3) is possible. Similarly, 
mixtures of ®-androstadienone-17 (Compound A2) and -andros. 


Urinary a-Ketonic Steroids 


TABLe | 


Com- | 
pound Substance 
No. 
A] | 248-252 
A? O 
A*’-Androstadienone- 17 
A3 0 
H 
A Androstenone-le 
\4 
3-Chloro-A°-androstenone 
17 
Ad 130-140 
0 
H 
ket iocholanol sa -one-] 
tate-3 
AZ 117-11S 
AS 


AcO~ 


Androstenol 
17 acetate-3 


— 


Empirical formula 


(4H. 


Mp. 


Identifying characteristics 


semicarbazone, 
in.p. 295-296°; oxime, m.p. 
156-161 


M.p. LOO-111°; = +148°; 


semicarbazone, m.p. 290- 
291; oxime, 156-158° 


Mp. 155-157°; |jajp = +17.6 


\I.p. acetate of Com- 
pound A24 


= +-108 ; oxime, 
m.p. 172-177 
M.p. 179-180"; = 
free hydroxy ketone, m.p. 
176-176.5°; fajp = +122° 


| 
265 
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TaBLeE I—Continued 


Com- 
pound Substance Empirical formula Identifying characteristics 
AQ CulzOs | M.p. 160-162°; [alo = +98.4°; 
oy acetate of Compound A20 
H 
Androsterone acetate 
Alo M.p. 199-200°;  bisdinitro. 
forse) phenylhydrazone, m.p. 207- 
211° | 
| 
O07 | 
H 
Allopregnanedione-3, 20 
All CHS CuHa:0. | M.p.  120-122°; bisdinitro- 
C=O phenylhydrazone, m.p. 251- 
| | 953° 
| | 
| 
| 
04 | 
H | 
Pregnanedione-3, 20 | | 
| 

Al2 CysHesO. =| M.p. 132-134°; = +112°; 
| bisdinitrophenylhydrazone, 
| | m.p. 253-256° 

0 : | | 
H 
Androstanedione-3, 17 : 

Al3 | CisH2s02 M.p. 130-131°; fa]ln = +112°; 
| | bisdinitrophenylhydrazone, 
| m.p. 263-264° 
| | 

07 | 
H | 
| Etiocholanedione-3, 17 | 
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I—Continued 


267 


Al5 
Al6 
Al7 


Al8 


Al9 
A20 


A21 


Substance 


0 
| 


A‘-Androstenedione-3, 17 
132-134° 


117-121° 
H3 
=O 
HO~ : 


H 
Allopregnanol-3a-one-20 


CH 


3 
HO~* 


H 
Pregnanol -3a-one-2U 
120-125° 


HO ash 
H 
Androsterone 


HO: 


Empirical formula 


Identifying characteristics 


Ci 


M.p. 170-171.5°; la]p = +196°; 
absorption maximum at 239 
mnu, log « = 4.20 


M.p. 174-175°, = +95.7°; 
acetate, m.p. 140-142° 


M.p. 148.5-149.5°; [al = 
+ 106°; acetate, m.p. 94-97° 


M_.p. 184-185°; [a]p = +97.7°; 
acetate, m.p. 160- 162°; ben- 
zoate, m.p. 179-180° 


M.p. 187-187.5°; [a]p = +136° 


Com- | 
pound 
| No. | 
| | 
| 
4 
| | | 
| 
| 
| 
| | 
| 
| | 
| 
| 
| | 
| 
| 
| 
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|-—Continued 


Com- | 
poss Substance Empirical formula Identifying characteristics 
A22 CH3 CoH M.p. 143-145°; la}p —40.9°: 
C=O acetate, m.p. 154-157° 
| | 
| 
H i 
17-Isopregnanol-3a-one-20 | 
A23 | CysHesO: -M.p. 169-170°; = +1512 
| 
| | 
Ho” | | 
A’-Etiocholenol-3a-one-17 | 
A24 | M.p. 143-144°, 150°; [aly = 
-#111°; acetate, m.p. 92- 
| 93.5°; benzoate, m.p. 164- 
| 164.5°; oxime, m.p. 220- 
| 225°: dinitrophenylhvdra- 
HO~ | zone, m.p. 225-226' 
be 
Etiocholanol-3a-one-17 
A25 | 185-186" Cay HO, 
A26 | 174-175 
A27 sO, Mp 190-200° ; le Ip = +-98.4°: 
HO acetate, m.p, 240-242° 
| | | 
| HO- | 
| 
Androstanediol-3a@, 118-one- | 
( 
A28 CyoHos0; M.p. 188-189°; [alp = +95.8°; 


 acetate,m.p. 163-164°; la]p= 
| 
| 
| 1 

HO 
H h 


Etiocholanol-3a-dione-1] , 17 


— 
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TABLE |—Conceluded 


— 


Com- 


pound Substance Empirical formula Identifying characteristics 
No. 
A29 | 235-237° | | 
A30 GH3 M.p. 219-219.5°; = 
C=0 64.5°; acetate, m.p. 201- 
202°; oxime, m.p. 247-250° 
| | 
| HO- | 
| H | | 
Pregnanediol-3a, l7a-one-20 | | 
A31 | CHa M.p. 195-196° ; = +105°; 
=O | diacetate, m.p. 155-156°; 
oxime, m.p. 288-291° 
HO~ 
H 
OH 
Allopregnanediol-3a,6-one-20 
A32 | 192-194 Cor lalp = +66.3°; diacetate, m.p. 
128-129°; dinitrophenylhy- 
drazone, m.p. 234-238° 
A33 230-233 | 


A34 238-241° 


tenone-17 (Compound A3) are diffieult to resolve. Similar experiences 
were encountered with mixtures of androsterone (Compound A20) and A’- 
androstenol-3a-one-17 (Compound A21), and with mixtures of A%-etio- 
cholenol-3a-one-17 (Compound (23) and etiocholanol-3a-one-17 (Com- 
pound (24). Tlowever, the components of these mixtures ean be separated 
by indirect methods such as chromatography of the epoxy derivatives (11). 

A correlation ean be made between chemical constitution and relative 
order of elution in this as in other series (12), and Table III presents the 
generalizations that can be made on the basis of the present experimental 
results. Derivatives of the allo series (Ring A-B trans) are always eluted 
before the corresponding derivatives of the normal series (Ring A-B cis). 
This holds true for the diketones (Compounds A12 and A13), for the Co- 
monohydroxy ketones (Compounds A17 and ALS) and for the Cj -mono- 
hydroxy ketones (Compounds A20 and A24). Similar rules apply to the 
small number of ketosteroids which are precipitated by digitonin. 


24 

‘ 
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Taste II 
Urinary 8-Ketontc Steroids 
Com- 
pound Substance | Empirical formula | Identifying characteristics 
Bl CH3 C, M.p. 127-129°; [alo = +133°; 
an insoluble  digitonide; 


| semicarbazone, 260° 
. 


A? -Allopregnenone-20 


B2 | M.p. 191-195°; lalo = +91.2°; 


| | aectate, m.p. 144-116" 
0 
H 
Allopregnanol -38-one-20 | 
B3 | | M.p. 175-176°; [alo = +82.0°; 
| | benzoate, m.p. 210-211° 
| 
| | 
| 
HO | 
H 
Isoandrosterone | 
B4 | 137-138°; = +10.4°; 
|  aceicte, m.p. 166-166.5°; 
| | benzoate, m.p. 256-2 257° 
| | 
HO | | 
Dehydroisoandrosterone | 
B5 | 272-275° | 
B6 | 238-240° | Cy, HO; Absorption maaimum at 237.3 


my, loge = 4.07; acetate, 
| m.p. 175-176° 

B7 | 209-210° CaHy-s fal, = +98.9°; diacetate, m.p. 
| 102.5-103.5°; oxime, m.p. 
| 275° 


0 
t 
e 
0 


| 
| 


LIEBERMAN, DOBRINER, HILL, FIESER, AND RHOADS 271 


The relationship between structure and ease of elution sometimes pro- 
vides a clue to the nature of an unknown compound. ‘Thus tentative pre- 
dictions can be made of the structures of those substances listed in Tables 
I and II that have not as yet been fully characterized. Another useful 
application is in the search for substances that on biochemical grounds 
might reasonably be assumed to be present. For instance, the isolation and 
identification of A*-androstenol-3a-one-17 (Compound A21) and of A%-etio- 


Taste III 
Order of Elution of Steroid Types 


em ----- 


Steroid type Compound No. 


— 


Aluminum oxide column 


1. Monoketones A2, A3. A4 


2. ss with one acetoxy group A6, A7, A8, A9 
3. Diketones | 

(a) Allopregnane series Al0 

(6) Pregnane a All 

(c) Androstane | Al2 

(d) Ltiocholane | Al3 
4. Monohvdroxy monoketones | 

(a) Allopregnane series | Al7 

(4) Pregnane on | Als 

(c) Androstane A20, A2l1 


(d) Ltiocholane | A23, A24 


-— -- — 


Magnesium silicate column 


5. Dihydroxy monoketones, C-19 | A27 
6. Monohydroxy diketones, C-19 | A28 
7. Dihydroxy monokctones, C-21 | A30, A31* 


*The exact order of elution of some of the compounds on magnesium silicate 
columns has not been finally established in all instances. Tor example, whereas 
Compounds A27, A28, and A30 were eluted in this sequence from the same chromato- 


gram, Compound A31 has not been found in the presence of these three compounds 
and hence its order of elution in relation to them cannot be stated exactly. 


cholenol-3a-one-17 (Compound A23) was greatly facilitated by these pre- 
dictions. 

Transformation Products—Certain steroids isolated from urines are rec- 
ognized as transformation products arising in the acid hydrolysis (13, 14), 
through acetylation in the hydrolysis of the Girard derivative, or from ring 
enlargement or other rearrangement reaction occurring on the aluminum 
oxide column (15-17). Molecular rearrangements have not been encount- 
ered in the present work, but the other types of changes have been noted. 


- 
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The unsaturated Compounds A2, A3, A4, (21, A253, and BI undoubtedly 
result from the elimination of a hydroxy! group at C, or C), during hvdrol- 
vsis; in each case the double bond introduced can oecupy two alternate 
positions, A? ® and A’), One instance was noted of the acid-catalyzed 
epimerization at the carbon atom carrying the side chain, 17-isopregnanol- 
3a-one-20 (Compound (22). 

The partial conversion of steroid constituents into their acetates occurs 
in the course of the hydrolysis of the steroid betaine chloride hydrazones. 
As a means of minimizing the loss of the. more water-soluble steroids, the 
hydrolysate is extracted continuously with ether, with the result that acetic 
and hydrochloric acids accumulate in the ethereal solution and produce 
small amounts of acetylated steroids. Compounds A6 and AQ are acetoxy 
compounds and Compound AS has been identified as the acetate of A'°°- 
androstenol-3a-one-17. In addition to esterification, etherification of ster- 
oid alcohols has recently been reported to occur during the treatment with 
Girard’s Reagent T (18). 

The recognition of certain compounds as rearrangement or transformation 
products enables one to deduce the nature of their precursors as excreted in 
the urine. It must be emphasized, therefore, that « compound isolated 
from urine loses none of its significance because it is classed as a transforma- 
tion product. 


E Structural and Metabolic Relationship of Urinary Steroids to 
Their Hormonal Precursors 


To deduce the source of a given steroid isolated trom urme by comparing 
its structure with that of a known hormone is tempting. There are indica- 
tions, however, that such inferences may be completely misleading. For 
example, one cannot assume that urinary steroid metabolites with 19 carbon 
atoms’ must arise from the hormone which similarly possesses 10 carbon 
atoms, testosterone, since androsterone and etiocholanolone also arise from 
dehydroisoandrosterone (19). One cannot exclude the possibility that 
some or all of the C-19 compounds are metabolites of (-21 precursors. 
Furthermore, the C-21 uriary steroids‘ are the excretion products of such 
different hormones as progesterone, desoxveorticosterone (20) 22), and 
probably other adrenal cortical steroids. “Vhe only compounds whose pre- 
cursors can be determined by chemical analogy with any sssurance are those 
which are “structurally labeled’? because they retain « specific structural 
group characteristic of many adrenal cortical hormones, for example, the 
(Compound A27), the double bond (Compounds and A23), 


2 Compounds A2, A3, A4, AG, AS, AY, AJ3, Al4, A20, A21, A23, A24, A27, 


A28, B3, and B4. 
* Compounds Al0, All, Al7, Al8, A22, A25, A26, A380, A31, A32, B1, B2, B6, and B7. 


p 


f 
f 
7 
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the Cu ketone group (Compound A28), or the C;; tertiary hydroxy] group 
(Compound A30). 

In spite of the difficulty in assigning a precursor to each of the compounds 
isolated in this investigation, a consideration of the chemical structures of 
these metabolites reveals certain regularities which imply that the conver- 
sions of the steroid precursors to their urinary metabolites follow metabolic 
rules. For example, three of the four possible isomeric configurations at 
C, and C; were found in the C-19 series (androsterone (1), etiocholanol-3a- 
one-17 (II), and isoandrosterone (III)); three of the four possible isomers 
were found in the C-21 series (allopregnanol-3a-one-20 (I), pregnanol-3a- 
one-20 (11), and allopregnanol-38-one-20 (IIT)); in both the C-19 and C-21 
series the same isomeric configuration (Fig. 1, [V) was absent. The two 
(; diastereoisomers of the 3,17-diketones (androstanedione-3 ,17 and etio- 
cholanedione-3 ,17) were isolated in the C-19 series: and the two C; dia- 


HO CO HO HO HO 
H H H H 


1 W 


Fic. 1 


stereoisomers of the 3,20-diketones (allopregnanedione-3 ,20 and preg- 
nanedione-3 ,20) have been found in the C-21 series. These facts support. 
the thesis that there exist common pathways in steroid metabolism, as has 
been suggested by several investigators (23, 24). 

Whether similar general principles apply to those C-19 steroids which 
contain a ketonic group at Cy or a Cy-OH group remains to be ascertained. 
It is dificult to assume that the same metabolic rules of conversion apply 
to the precursors of this C-19 series, because, of the eight possible isomers 
containing a Cy,-hydroxyl group, only two (androstanediol-3a , 118-one-17 
(Compound A27) and A*-etiocholenol-3a-one-17 (Compound A23)) have 
been isolated, and of the four possible isomers containing a C),-carbony! 
group, only one (etiocholanol-3a-dione-11,17 (Compound A28)) has been 
found. Whereas two of these C-19 compounds (A27 and A28) are com- 
monly found in the urine of normal individuals, the third (Compound A23) 
occurs very infrequently. 

The isolation of these three C-19 compounds (A23, A27, and A28) strue- 
turally labeled at C),; strongly suggests that adrenal cortical hormones which 
possess 21 carbon atoms are degraded to C-19 metabolites, and in general 
may be precursors of some of the ('-19 steroids excreted in urine. 

A comparison of the structures of the steroid metabolites with those of 
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known hormones suggests that certain of the possible ketonic intermediates 
are probably precursors of the metabolites, whereas others are not. Thus, 
the available data leave no room to suppose that either 3-keto-17-hydroxy 
C-19 steroids or 3-keto-20-hydroxy C-21 steroids exist as intermediates, 
On the other hand, several diketones have been encountered: C-19, in the 
urine of normal persons (androstanedione-3 ,17, etiocholunedione-3 , 17); 
C-21, in the urine of pregnant women (allopregnanedione-3 ,20) and in the 
urine of a woman with adrenal cortical hyperplasia (pregnanedione-3 , 20), 
There is no conclusive evidence to show whether these diketones are meta- 
bolic intermediates or final products, but the fact that biochemical reduc- 
tion of a C; ketonic group always precedes reduction of such a group at Cy 
or Cp indicates that the saturated diketones very probably are intermedi- 
ates in steroid metabolism. Furthermore, since the present evidence indi- 
cates that negligible quantities of steroids are excreted in a non-conjugated 
form, one wonders how diketones of this type which lack hydroxyl groups 
are conjugated and excreted. 

In the case of some of the metabolites listed in Tables I and II, it is diffi- 
cult to formulate any speculation with regard to the possible precursors. 
Thus allopregnanediol-3a ,6-one-20 (Compound A31) contains a hydroxyl 
group at C,, whereas no known steroid hormone possesses an oxygen sub- 
stituent at this position. 

Consideration of the structure of the known hormone precursors leads to 
certain implications concerning the structure of steroid metabolites isolated 
from urine. Although several of the steroid hormones contain an a,8- 
unsaturated carbonyl group in Ring A, urinary metabolites containing this 
grouping have not been reported prior to the present investigation and have 
now been isolated in only small amounts. It may be that these substances 
are present only when the daily steroid excretion is large and some of the 
precursors are incompletely metabolized, or when the metabolism of the 
steroids is abnormal. ‘The isolation of two such substances, At-androstene- 
dione-3 ,17 (Compound Al4) and Compound B6, proves that @,3-unsatu- 
rated ketones can be excreted and are therefore present in the circulation. 
The fact that they are encountered only rarely and in small amounts sug- 
gests that in the normal course of metabolism the unsaturated substances 
are converted to saturated derivatives that are common constituents of 
urine. 

The reduction of a A*-unsaturated diketone can lead to two isomeric 
saturated diketones, and the isolation of one pair of such substances in the 
C-19 series (Compounds Al2 and A113) and of another pair in the C-2l 
series (Compounds A10 and Al1) indicates that such reduction does indeed 
represent a metabolic process. 

Theoretically, the reduction of both the A‘ double bond and the Cy- 
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carbonyl group can lead to four isomeric configurations, but in both the 
C-19 and the C-21 series only three of the four possible compounds have 
been isolated and invariably it is the substance of the configuration IV (Fig. 
1) that is missing. ‘lhe most likely sequence of events leading to the three 
known types of isomers is saturation of the ethylenic linkage, followed by 
reduction of the carbonyl group. It is, of course, possible that these iso- 
mers are formed from different precursors, and that the resemblance be- 
tween these urinary metabolites is a superficial one based upon chemical 
analogy. 

One unique structural characteristic of the known adrenal cortical hor- 
mones is the presence of a hydroxyl group at Cy. Although no urinary 
steroids containing this distinguishing side chain have been isolated, chem- 
ical tests based upon the reducing properties of such ketols have been 
applied (25-29) and the results have indicated that steroid ketols are pres- 
ent in the urine of both normal and diseased persons. Studies of the meta- 
bolic fate of desoxycorticosterone in animals and in man indicate that the 
organism is capable of reducing the primary alcoholic group at Cn, 
—COCH,OH — —COCH;. <A second characteristic grouping present in 
some of the hormones of the adrenal cortex is the tertiary hydroxyl substitu- 
entat Cir, The Cy-hydroxylated metabolites isolated in this investigation 
(Compound A30) and in other work (17, 30, 31) were obtained only from the 
urine of diseased persons but they evidently are derived from hormones of 
the adrenal cortex. That such steroids have not been found in the urine 
of normal persons may well be due to the fact that they are intermediates 
in the normal metabolic degradation of this type of C-21 hormones to C-19 
metabolites (32). ‘The presence of a hydroxyl or carbonyl group at Cy in 
three of the compounds isolated from urines (Compounds A23, A27, and 
A28) is strong evidence that these substances are metabolites of cortical 
steroid precursors. 

Physiological activities characteristic of certain adrenal cortical steroids 
and apparently associated with the presence of specific chemical groupings 
(oxygen at (),, ketol side chain, a,8-unsaturated ketone) have been ob- 
served in bioassays of various crude fractions extracted from urines (33-35). 
No metabolites have as vet been characterized which contain the combina- 
tion of these structural groupings apparently necessary for marked cortical 
activity (36, 37), although each of these groupings has been found alone in 
one or more isolated compounds. 

An attempt has been made to derive from the chemical structure of the 
isolated steroid metabolites some knowledge of the nature of their hormonal 
precursors, and to deduce from special structural features of possible pre- 
cursors a relationship to the metabolites that have been isolated. Exact 
knowledge of the relationship between the steroid metabolites and their 
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precursors is fundamental for an evaluation of the rdle of these hormones 
in normal and abnormal physiology, and for an interpretation of the signifi- 
cance of the urinary steroids in health and in disease. 


EXPERIMENTAL® 
a-Ketosteroids 


Hydrocarbon, CoHe—Various investigators have described the isolation 
of hydrocarbons from human urine. Hart and Northrup (38) isolated two 
substances; one (C27H,) was insoluble in methanol and melted at 58-59°, 
and the other (Cs;sHs2) was soluble in methanol and melted at 52-54°, 
Marker (39) described a hydrocarbon (CosH;g) melting at 63°. A discussion 
of the chemistry and source of these hydrocarbons has been given recently 
(40). 

During the course of this investigation a waxy substance has been iso- 
lated from many different urines. It is usually the first material to be 
eluted from alumina with ligroin. Soluble in ether, ligroin, or ethyv! acetate 
and rather insoluble in methanol, it was crystallized as waxy plates from 
acetone, m.p. 53-55°. It was sublimed at 10-4 mm. at 70-80° for analysis. 


Analysis—CzsHeo. Calculated. C 85.18, H 1481 
Found. $4.89, 15.00 
“ $4.75, 15.25 


Compound Al. 248-252°—This substance was isolated in traces from the 
urine of two patients, one with cancer of the breast (Case CaBF10), and 
the other with cancer of the prostate (Case CaP1). It was eluted from 
alumina with ligroin and was crystallized from dilute methanol, m.p. 248- 
252°. 

Compound A2. compound was previ- 
ously isolated from the urine of a man (14) and a woman (41) each having 
adrenal cortical tumors. In this study it was found in the urines of most 
normal men and women and of subjects with adrenal dysfunction (1). In 
most instances this substance was recognized by its absorption maximum 
at 240 my and then isolated as its insoluble semicarbazone; the crystalliza- 
tion of the free ketone was difficult and uncertain. A few mg. of the com- 
pound, eluted from alumina with ligroin-benzene mixtures (4:1), were 1so- 
lated from the urine of a girl with adrenogenital syndrome due to an adrenal 
hyperplasia (Case AHF2). It was recrystallized from dilute methanol and 
melted at 78-84°. When mixed with an authentic sample (m.p. 84-87°), 
it melted at 78-84°. 

> The microanalyses reported herein were performed by the courtesy of Dr. A. 


Elek, The Rockefeller Institute for Medical Research, New York. The melting points 
were taken in a Hershberg melting point apparatus and are correct to about +1’. 


| 
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The semicarbazone Was recrystallized from dioxane and melted in a pre- 
heated bath at 295-296° with decomposition. 


Calculated, N 12.84; found, N 12.63 


When mixed with an authentic sample, it melted at 205°.) Dr. R. N. Jones, 
to whom we are greatly indebted, measured the ultraviolet spectrum of this 
semicarbazone in dioxane. Since it showed the same absorption maximum 
as the free ketone, it could be differentiated by this procedure from the 
semicarbazone of A*-androstenone-17 (Compound A3), which has a similar 
melting point (m.p. 200-291°). 

The oxime prepared from a less highly purified sample melted at 152- 
157°. It did not depress the melting point of an authentic sample of A*: °- 
androstadienone-17 oxime melting at 156—-161°. 

Compound Ad, ®-Androstenone-17—This substance was previously 
isolated from the pooled urines of normal persons (42, 43), from the urine 
of ovariectomized women (44), from the urine of a man with cancer (42), 
and from the urine of a man with testicular tumor (45). In the investi- 
gation herein reported it was found in the urine of normal men and women 
and in the urine of subjects with adrenal dyscrasias (1) (Cases AHF 1 and 
AHM4). It was eluted from alumina with benzene and was recrystallized 
from aqueous methanol; it melted at 109-111°. Frequently samples were 
obtained which melted as high as 115-119°, and did not depress the melting 
point of the lower melting samples. The possibility exists that these 
higher melting fractions (reported also by Hirschmann (44)) contain other 
isomers of androstenone, such as the A® (since the location of the double 
bond in the isomer melting at LOO-1IL°? is still not certain), or the A* er *- 
etiocholenone-17. When mixed with *-androstenone-17 (m.p. 
108.5°), kindly supplied by Dr. H. Hirschmann, there was no depression in 
the melting point. [aj3> = +148° (11.50 mg. in 2.98 ml. of 95 per cent 
ethanol). 

Analysis--CygHlesO. Calculated, C 83.77, H 10.36; found, C 83.93, H 10.37 


Hirschmann (44) reported a melting point of 107—-109°; faj2> = +152°. 
The oxime was recrystallized from dilute methanol and melted at 156—- 
158°; Pearlman (42) reported 153-154°. 


Analysis—CysHwON. Caleulated, C 79.40, H 10.16; tound, C 79.47, H 10.03 


The melting point of the oxime was depressed on admixture with the 
oxime of A®: ®-androstadienone-l7. The semiearbazone of »-andros- 


- 


tenone-17 decomposed at 290- 291.5? and showed no absorption in the ultra- 
violet region of the spectrum. 
Compound A4. ~This substance has been 


‘ 
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previously isolated from pooled normal male urine (46) and from the urine 
of patients with an adrenal cortical tumor (31, 41). In this investigation 
36 mg. of the compound were isolated from the urine of a man with femi- 
nism due to an adrenal hyperplasia (Case AHM1). It was eluted from 
alumina with ligroin-benzene (1:4) mixture and when crystallized from dilute 
methanol it formed needles melting at 155-157°. A mixture of this com- 
pound with an authentic sample of chlorodehydroisoandrosterone showed 
no depression of the melting point. fa]? = +-17.6° + 6° (5.09 mg. in 2.98 
ml. of chloroform). Butenandt and Grosse (46) reported a melting point 
of 155-157°; = +14° (chloroform). 
Calculated. C 74.36, H 8.89 


“ 74.99, ** 8.92 


Compound Ad. 135-126°—About 3 mg. of this substance were isolated 
from a pool of human pregnancy urine (Case PP1). It was eluted from 
alumina with ligroin-benzene (3:1) mixture. On recrystallization from 
dilute methanol, plates were obtained which melted at 135- 136°, and which 
depressed the melting point of Compound A15, m.p. 1382-134". 

Compound A6.  Etiocholanol-Sa-one-17 Acctate-3—Vhis compound was 
isolated from the pooled urine of normal men (Case NMP1). It was eluted 
from alumina with benzene-ligroin (1:3) and after two recrystallizations 
from ligroin (b.p. 30°) melted at 91-92°. It did not depress the melting 
point of an authentic sample of etiocholanolone acetate. “The semicarbazone 
of the urinary substance melted at 254-255.5° and likewise did not depress 
the melting point of the semicarbazone made from etiocholanolone acetate. 

Ilydrolysis of the isolated steroid with potassium carbonate in aqueous 
methanol solution yielded etiocholanol-3a-one-17, m.p. 143-144.5°; fa}® = 
+115° + 5° (3.98 mg. in 2.00 ml. of ethanol). 

Compound A}. 117-118°—This compound was isolated from the urine 
of several normal persons. It was eluted from alumina with ligroin-benzene 
(1:1) together with A"°’-androstenol-3a-one-17 acetate-3 (Compound A§8),. 
‘The mixture of these two compounds was dissolved in ether, and ligroin was 
added to the solution until incipient turbidity. The substance which erys- 
tallized first was Compound AS, which is described below. ‘The mother 
liquor was concentrated to dryness and the residue was recrystallized several 
times from ligroin. A product melting at 117-118° was obtained.  Ap- 
proximately 30 mg. of the compound were isolated from a 154 day urine 
collection of a normal subject. When mixed with ®-androstenone-l7, 
m.p. 110°, the melting point was depressed. The test for unsaturation 
with tetranitromethane was negative. [a)3? = +108° + 5° (6.34 mg. in 
2.98 ml. of ethanol). 
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The infra-red spectrum of this substance indicates that it, like Compounds 
A6, A8, and A9, also contains an acetoxy group. 


Analysis—CaH;.0;. Caleulated, C 75.85, H 9.71; found, C 75.88, H 9.86 


The oxime prepared in the usual way was crystallized from dilute methanol 
as tiny needles. It melted at 172. 177°. 


Analysis—CxHwO;N. Calculated, C 72.58, H 9.57; found, C 72.34, H 9.57 


Compound A8. Acetate-3—Found in the 
urine of several normal persons and in the urine of a male eunuch with an 
adrenal hyperplasia (Case AHIM4), this compound was isolated together 
with Compound A7, m.p. 117-118°. Both compounds were eluted from 
alumina with ligroin-benzene (1:1) and their separation is described above. 
Compound AS crystallized as long needles from ligroin or acetone-water 
mixtures and melted at 179-180°; fa|2?? = +115° + 2° (9.45 mg. in 2.00 ml. 
of ethanol). 


Analysis—Cy,H;.O;. Calculated. C 76.32, H 9.15, acetyl 13.02 


It gave a yellow color with tetranitromethane and in the modified Zimmer- 
mann test 1.0 mg. gave a color equivalent to 1.1 mg. of dehydroisoandros- 
terone. When mixed with the acetate of A’'’’-androstenol-3a-one-17 
(m.p. 177-170°; fa|24 = 4+114° + 5° (in ethanol)) (41), the mixture melted 
at 175-181°. 

40 mg. of A''*’-androstenol-3a-one-17 acetate-3 were dissolved in 2.5 
ml. of methanol and 20 mg. of potassium carbonate dissolved in 0.3 ml. 
of water were added to the solution. After standing overnight the mixture 
was heated under a reflux for 1 hour and then poured onto ice and water. 
The precipitate was filtered and washed and, after drying, weighed 29mg. 
After two reervstallizations from acetone-ligroin, the compound melted at 
176-176.5°; [a|28 = +122° + 3° (6.88 mg. in 2.00 ml. of ethanol). When 
admixed with (m.p. 180—182°; = +122° + 
2°) (41), it melted at 176-177°. 

The material used for rotation (6.88 mg.) was dissolved in 0.5 ml. of pyri- 
dine and 0.05 ml. of benzoyl chloride was added. ‘The solution was heated 
for 1 hour on the steam bath, after which it was poured onto ice and water. 
The oil which precipitated was extracted with ethyl acetate. The extract 
was washed with dilute sulfuric acid solution, with LO per cent sodium carbon- 
ate solution, and with water. After drying over sodium sulfate, the solvent 
was removed. A yellow oil was obtained which was purified by chromato- 
graphing on alumina. ‘The fraction (6 mg.) eluted with benzene was re- 
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ervstallized twice with hgroim, and melted at 163-164°. There was no 
depression when the product was mixed with A!?-androstenol-3a@-one-17 
henzoate-3 prepared by Wolfe, Fieser, and Friedgood (41). 

Compound Androsterone Acetate-——This compound was isolated 
from the pooled urine of normal men (Case NMP1). It was eluted from 
alumina with ligroin-benzene (1:1) and when reerystallized from ether. 
ligroin melted at 161-166°. On hydrolysis with potassium carbonate jn 
aqueous methanol solution, androsterone, m.p. 183-185°, was obtained, 
laji®? = 4+98.4° + 1° (10.1 mg. in 1.01 ml. of ethanol). There was no 
depression in melting point when mixed with an authentic sample of androg- 
terone. 

Compound ALO. Allopregnanedione-3 ,20--This compound has not been 
isolated previously from human urine. It was obtained from a pool of 
human pregnancy urine (Case PPL) and was eluted from alumina with ben- 
zene. When crystallized from an acetone-water (1:2) mixture, it melted 
at 199- 200° and upon admixture with an authentic sample of allopreg- 
nanedione-3 ,20, it gave no depression in melting point. 

The orange bis-2,4-dinitrophenylhydrazone of this compound Was pre- 
pared and recrystallized from absolute methanol. It melted at 207-211° 
and did{not depress the melting point (208- 211°) of the bisdinitrophenyl- 
hvdrazone prepared from an authentic sample of allopregnanedione-3 , 20. 

Compound All. Preqnanedionc-3 20 About 3 mg. of this substance 
were isolated from the urine of a woman with adrenal hyperplasia of the 
adrenogenital tvpe (Case AHF2). It was eluted from alumina with benzene 
and when recrystallized from ligroin (b.p. 30°) melted at 120-122°. When 
mixed with an authentic sample of pregnanedione, m.p. 120) 121°, there was 
no depression in melting point. The infra-red spectra of both specimens 
were identical. 

The bisdinitrophenylhydrazone of the pregnanedione isolated from urine 
melted at 251-253° and did not depress the melting point. of the hydrazone, 
m.p. 250- 252°, made from authentic pregnanedione. 

Compound Al2.  Androstanedionc-3 ,17-—-This substance has not been 
previously reported to be present in human urine. About 50 mg. were 
isolated from a pool of urine from normal men (Case N MP1) and women 
(Case NEP1) and from the urine of a normal man (Case N14). The com- 
pound was eluted from alumina with ligroin-benzene (1:3) and after re- 
crystallization from either ether-ligroin or aqueous acetone, it crystallized 
as silky needles melting at 132-134°; [a]}) = +112.5° + 2.5° (4.08 mg. in 
2.00 ml. of ethanol). It did not depress the melting point of an authentic 
sample of androstanedione-3,17.  Butenandt et al. (47) reported a melting 
point of 133°; fa}? = +111° (in ethanol). The sample for analysis was 
prepared by sublimation in high vacuum at 100°. 


Analysis—C,9H2sO2. Calculated, C 79.12, H 9.78; found, C 79.24, H 9.87 
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The bisdinitrophenylhyvdrazone was prepared from 6 mg. of the dione and 
10 mg. of 2,4-dinitrophenvlhydrazine dissolved in 3 ml. of methanol con- 
taining 2 drops of concentrated hydrochloric acid by heating under a reflux 
for 1 hour. ‘The orange precipitate was filtered and recrystallized from 
chloroform-methanol mixture, m.p. 253-256°. It did not depress the melt- 
ing point of the bisdinitrophenylhydrazone prepared from an authentic 
sample of androstanedione-3 , 17. 


Analysis Cy Caleulated, N 17.28; found, N 17.00 


Compound Alo. Etiocholancdione-8 ,17— This substance was found in 
traces In the urine of normal men and women, in the urines of three women 
with hypertension (Cases HF3, HF4, and H5), and of one woman with 
Cushing’s disease (Case CSF2). The crystalline diketone was isolated 
from the fractions eluted from alumina with benzene. On recrystallization 
from ligroin it melted at 130-131°; [a}?> = +112° + 7° (2.77 mg. in 2.00 
ml. of ethanol). It did not depress the melting point of an authentic 
sample. The analytical sample was prepared by sublimation in high 
vacuum. 


Analysis- CyoHosO,. Calculated, C 79.12, H 9.78; found, C 79.13, H 9.88 


Butenandt ef al. (48) reported a melting point of 128°; [aj’ = +115.2° 
‘in ethanol). 

The bisdinitrophenylhydrazone melted at 263-264° and did not depress 
the melting point of an authentic sample (4). 


Analysis~ Cy Calculated, N 17.28; found, N 17.00 


~ 


Compound Al4. A*-Androslenedione-3 ,1>— This compound has not been 
reported to be present In human urine. It was isolated in this study from the 
urine of aman with adrenal hyperplasia (Case AH M1). The compound was 
eluted trom alumina with benzene and crystallized from ligroin (b.p. 60°). 
After several recrystallizations it melted at 170-171.5°; [a]® = +196° + 4° 
(2.55 mg. in 2.00 ml. of ethanol). When mixed with an authentic sample of 
A‘-androstenedione-3 , 17, the mixture melted at 170-172°. The compound 
showed an absorption maximum at 239 mu; log e = 4.20 Gnethanol). Its 
Infra-red absorption spectrum was identical with that of the authentic 
sample (10). 

Compound Alo. 182-1384 About 4 me. of this substance were isolated 
from the urine of « male eunuch with adrenal hyperplasia (Case AHM4). 
This compound was eluted from alumina with benzene and depressed the 
melting point of Compound A5, m.p. 135-136°. 

Compound A116. 117-121 —- About 6 mg. of this substance were isolated 
from the extract of a large pool of human pregnancy urine (Case PPL). It 
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was cluted from alumina with ether-benzene (1:3) mixture and when re. 
crystallized from ligroin melted at 117-121°. It depressed the melting point 
of Compound A7, m.p. 117—118°, of Compound A19, m.p. 120-125°, and of 
pregnanedione-3 ,20, Compound A11, m.p. 120-122°. 

Compound Al7. Allopregnanol-Pa-one-20—This compound has _ been 
previously isolated from human pregnancy urine (49) and in this investiga. 
tion it was likewise isolated from pregnancy urine (Case PP1). It was eluted 
from alumina with ether-benzene (1:9) mixture immediately preceding its 
isomer, pregnanolone (Compound A18). It was recrystallized from aque- 
ous methanol to a melting point of 174-175°; [a!2? = +95.7° + 2° (15.57 
mg. in 2.98 ml. of ethanol), also la]” = 96.6° + 1° (22.51 mg. in 2.98 ml. 
of ethanol). Marker ef al. (49) reported a melting point of 162-164: 
[a] = +91.0° (in ethanol). Butenandt and Heusner (59) reported 
173-174°. 


Analysis—C2,H3,0O;. Calculated, C 79.19, H 10.76, found, C 79.34, IL 10.89 


The acetate was prepared and when reerystallized from ligroin melted 
at 140-142°. Oxidation of the hydroxy ketone with chromium trioxide 
gave allopregnanedione-3 ,20, which, after several reerystallizations from 
acetone, melted at 201-203°; [a}** = +-117° + 4° (7.65 mg. in 2.98 ml. of 
ethanol). It did not depress the melting point of an authentic sample. 
Butenandt and Mamoli (51) reported.a melting point of 200.5°; fa|*® = 
+ 126.9° (in ethanol). 

Compound compound has been isolated 
previously from the urine of pregnant women (52,53). In this study it was 
isolated from the urine of pregnant women (Case PPL), of a male eunuch 
with adrenal hyperplasia (Case AH M4), and of two women with adreno- 
genital syndrome due to adrenal hyperplasia (Cases AHF and AHF2). 
Each subject excreted about 40 mg. in a 24 day collection of urine. The 
compound was isolated in large amounts from a pool of human pregnancy 
urine. It was eluted from alumina with ether-benzene (1:9) mixture im- 
mediately following allopregnanol-3a-one-20 (Compound A117). When 
crystallized from benzene, it formed long needles melting at 148.5-149.5°; 
[a]? = +107° + 2° (20.14 mg. in 2.98 ml. of ethanol). Butenandt and 
Miller (54) reported a melting point of 148-149°; fa}!® = 4113.8? + 1.2° 
(in ethanol). When mixed with a sample of pregnanol-3a-one-20 kindly 
supplied by Dr. W. H. Pearlman, there was no depression of the melting 
point. 


Analysis—-C2;HyO.. Calculated, C 79.19, H 10.76; found, C 79.09, H 10.52 


The acetate was recrystallized from aqueous methanol and melted at 
94-97°. A mixture with an authentic specimen melted at 95-98". 
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Compound A1l9. 1£0-125°—About 15 mg. of this substance were iso- 
lated from the extract of a large pool of human pregnancy urine (Case PP1). 
It was eluted from alumina with ether-benzene (1:9) mixture together with 
androsterone, from which it was separated by fractional crystallization. 
Recrystallization from ligroin yielded a sample melting at 120-125°, which 
depressed the melting point of pregnanedione-3 ,20 and of Compound A16, 
m.p. 117-121". 

Compound Ardrosterone—Androsterone has been previously 
isolated from the urine of normal men and women (13, 43, 55-58), castrated 
men (59), ovariectomized women (44), pregnant women (52), women with 
breast cancer (60), and of paticnts with testicular tumor (45), adrenocortical 
tumor (41, 61), and adrenocortical hyperplasia (31). In this investigation 
it was isolated from every urine with the exception of certain patients with 
eancer, With Cushing’s syndrome, and of a patient with an adrenal tumor. 
This substance is the first constituent of the ‘‘middle’’ (8) fraction, and is 
usually eluted from alumina with ether-benzene (1:9) mixtures. For 
snalysis it Was crystallized from methanol- water , ligroin-acetone, and finally 
from acetone. It melted at 184-185°, fa 2’ = +9; 7.7° + 2° (14.24 mg. in 
208 ml. of ethanol); Ruzicka ¢f al. (62) reported a me hing point of 182-183°, 
al, = +94.6° (ethanol); Putenandt (63) 178°, fal? = +93° (ethanol); 
and David and Treud (64) 180-181.5°, ja], = (ethanol). It gave 
no depression in melting point when mixed with an authentic sample of 
androsterone. 

Analysis--C yoO2. Calculated, C 78.57, H 10.40; found, C 78.97, II 10.04 


The acetate was recrystallized from aqueous methanol and from lgroin 
and melted at 160-162°; fa®> = +87.4° + 3° (8.24 mg. in 2.C0 ml. 
ofethanol). It did not depress the melting point of an authentic sample. 
Androsterone benzoate, recrystallized from methanol, melted at 179-180°; 
a? = 4+3.4° + 5° (5.83 mg. in 2.00 ml. of ethanol). 

Compound A2l. A*-Androstenol-Ca-one-17—This substance, which has 
been found previously in human urine (C5), was isolated in this investiga- 
tion (7) from the urine of normal men (Case NMP2). It was eluted from 
alumina with ether-benzene (1:4) mixture and erystallized from ligroin 
‘b.p. 66°) as long needles melting at 187-187.5°; = + 136° + 5°(4.11 mg. 
in 2.00 ml. of ethanol). From the corresponding 11-8-hydroxy (Com- 
pound A27), Mason and Kepler (31) synthesized A’-androstenol-3a-one-17 
with a melting point of 189-190° and a specific rotation of +140° + 2° 
inethanol). ‘Lhe melting point of the steroid isolated in this laboratory 
from urine Was not depressed on admixture with the authentic compound 
generously made available tous by Dr. H. L. Mason. ‘The infra-red spectra 
of the two samples were identical, 
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Compound A22, compound, prepared 
by Moffett and Hoehn (66), has not been hitherto isolated from natural 
sources. It was found in a pool of human pregnancy urine (Case PP], 
and was eluted from alumina with ether-benzene (1:10). When reerystal. 
lized from ether-ligroin, it melted at 143-145°; [a|?% = —38.9° (0.97 mg. in 
2.98 ml. of ethanol). Moffett. and Hoehn (66) reported 142.5 144°: 
—40 9° -t- 

Calculated, C 79.18, H 10.77; found, 79.39, H 


The compound depressed the melting point ot both etiocholanol-3a-one-17. 
m.p. 143-144°, 150°, and pregnanol-3a-one-20, m.p. 148 149°. There was 
no depression when it was mixed with 17-isopregnanol-ja-once-20. The 
acetate when recrystallized from dilute methanol melted at 154 157°. When 
mixed with the acetate ot 17-isopregnanol-3a-one-20), there Was hho de- 
pression in melting point. | 

Compound A283, substance was. iso- 
lated from the urine of a patient with cancer of the breast (Case CaBF 16). 
Its presence has been established also in the urine of certsun patients with 
cancer of the prostate, Iwmphatic leuecemia, essential hypertension, and 
Cushing’s syndrome. [t was eluted from alumina with ether-benzene 
(3:7) mixture and after several recrystallizations from acetone melted at 
169-170°; fa] = +151° + 4.5° (2.25 mg. in 2.00 ml. of acetone). It was 
identified by direct comparison with an authentic sample prepared by Dr. 
L.. H. Sarett, who kindly made it available to us. 

Compound A24. substance Was first 
lated by Butler and Marrian (30) from the urine of a woman with virilism. 
It has also been isolated from the urine of normal men (43, 55) and normal 
women (57); from the urine of castrated men (59) and castrated women 
(44, 61); from the urine of women with adrenal tumors (31, 41) and with 
adrenal cortical tumor and adrenal cortical hyperplasia (31, 30); as well as 
from the urine of women with breast cancer (60). This compound was 
found in most of the urine specimens examined. — [t was always eluted from 
alumina after its isomer androsterone with ether-benzene (1:4) mixture. 
It was reerystallized from benzene-ligroin mixtures to a constant melting 
point of 143-144° with second melting point of 150°; | 24 +3 
(10.48 mg. in 2.00 ml. of ethanol). When mixed with an authentic sample, 
its melting point was not depressed. 


Analysis—C,s3HgoO:. Calculated, C 78.57, H 10.40; found, © 73.74, H 10.27 


6 We are indebted to Dr. W. H. Hoehn for having suggested that Compound A22 


was identical with his synthetie product and for making available to us this compound 


and its acetate. 
7 A preliminary report of this substance has been made (6). 


| 
| 
| 


| 
| 


ad 


LIEBERMAN, DORRINER, HILL, FIFSER, AND RHOADS 285 


The acetate after several recrystallizations from aqueous methanol melted 
at 92-93.5° and there was no depression of the melting point when this prep- 
aration was mixed with an authentic sample of etiocholanol-3a-one-17 
acetate. 

The benzoate prepared in the usual manner was recrystallized from 
methanol and melted at 164 164.5°; fa]28 = +111° + 3° (8.11 mg. in 2.00 
ml. of ethanol). The oxime of etiocholanol-3a-one-17 was recrystallized 
from ethyl acetate and melted at 220-225°; fa]# = +66.2° + 7° (2.72 mg. 
in 2.00 ml. of ethanol). The dinitrophenylhydrazone melted at 225-226°. 

Compound A25,. 185-186°-—This compound was isolated from the urine 
of a girl with adrenogenital syndrome due to adrenal hyperplasia (Case 
AHF2). [t was eluted from alumina with acetone-ether (1:9) mixture. 
When recrystallized from benzene-ligroin (1:5) mixture, it formed clusters 
of silky needles melting at 185-186°. It depressed the melting point of 
Compound A28, m.p. ISS 180°, and also of 
m.p. 180°. 


Analysis~-CyH20,. Calculated, C 75.40, H 10.25; found, C 75.41, H 10.69 


Compound A26. 174-175°—From the urine of a girl with adrenogenital 
syndrome due to adrenal hyperplasia (Case AHF13) about 10 mg. of a 
compound melting at 174- 175° were obtained. It was eluted from alumina 
with ether-benzene (1:1) mixture and was crystallized from a mixture of 
ether-ligroin. ‘This substance depressed the melting point of Compound 
A8, m.p. 179-180°, and of Compound A35, m.p. 172-176°. 


Analysis—CyHeO, Calculated, C 75.85, H 9.71; found, C 76.03, H 9.77 


Compound substance has 
been isolated previously by Mason and Kepler from the urine of normal 
women (31), of three patients with adrenal cortical tumors, and of four 
patients with adrenal cortical hyperplasia (31, 68). It has also been iso- 
lated from « young woman suffering from virilism (65). In this investiga- 
tion it was isolated from the urme of a male eunuch with adrenal hyper- 
plasia (Case ATIM4) and also from the urine of patients with Cushing’s 
syndrome (Case CSEPI). It was eluted from alumina with acetone-ether 
(1:4) mixtures and from magnesium silicate-Celite with ether-benzene 
(3:7) mixtures. The substance crystallized from either acetone-ligroin or 
benzene-ligroin mixtures as small needles melting at 199-200°; fa]#* = 
+98.4° + 3° (3.66 mg. in 2.00 ml. of ethanol). 


* Mason and Kepler (31) first drew attention to the fact that the melting point and 
empirical formula of this compound, as published in a previous report from this 
laboratory (2), were identical with that of the androstanediol-3a,118-one-17 they iso- 
lated from human urine. 
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Analysis—C,;H;0O;. Calculated, C 74.44, H 9.87; found, C 74.30, H 10.21 


This substance, when mixed with a specimen of androstanediol-3a,- 
118-one-17, kindly supplied by Dr. H. L. Mason, showed no depression in 
the melting point. ‘The infra-red spectra of both samples were identical. 
The acetate, prepared with acetic anhydride in pyridine solution, was re- 
crystallized from acetone-ligroin and melted at 240-242°. When mixed 
vith an authentic sample of the acetate kindly made available by Dr, 
R. I. Dorfman, there was no depression in melting point. The infra-red 
spectra of the two specimens were identical. 

Compound Etiocholanol-va-dione-i 1,17 (5)—This compound was 
isolated from the majority of urines examined. It was eluted from alu- 
mina with ether containing 0.5 per cent methanol and from magnesium 
silicate with ether-benzene (1:3) mixtures. It was recrystallized from ether- 
ligroin mixtures to give long needles, m.p. ISS- 189°, la|?? = +95.8° + 
3° (9.64 mg. in 2.98 ml. of ethanol), which did not depress the melting point 
of a synthetic sample of etiocholanol-3a-dione-11,17, generously made 
available to us by Dr. L. H. Sarett. 


Analysis—C,sH2,O;. Calculated. C 74.97, H 9.27 
Found. 7600, * 


The acetate was prepared in the usual way from acetic anhydride in 
pyridine and was purified by chromatographing on alumina. ‘The fractions 
which were eluted with benzene-ligroin (1:1) mixtures were recrystallized 
from ether-ligroin and melted at 163-164°; [al = 4+145.4° + 2° (5.86 mg. 
in 1.04 ml. of ethanol).° The acetate did not depress the melting point 
of the synthetic etiocholanol-8a-dione-11,17 acetate-3, m.p. 163-164". 


Analysis —C2HwO,;. Calculated, C 72.81, H 8.72; found, C 72.65, H 8.71 


This monoacetate was recovered unchanged after treatment with an excess 
of chromic acid in acetic acid at room temperature for 5 hours. However, 
under the same conditions the free diketo alcohol was oxidized to the trike- 
tone etiocholanetrione-3 ,11,17. The oily oxidation product was chromato- 
graphed on alumina and the fractions eluted by benzene-ligroin (1:1) were 
recrystallized from ether-ligroin and melted at 132-133"; = +-148.5° 
+ 1° (10.29 mg. in 1.01 ml. of ethanol). 


*The rotation of etiocholanol-2a-dione-l1,17 acetate-3 was given (69) as 
la], = +176° in acetone; however, the rotation of the sample prepared in this labo- 
ratory in acetone was laJB = +155° + 2.5° (4.12 mg. in 2.00 ml. of acetone). Dr. 
Sarett kindly made available a sample of his acetate and the rotation was repeated. 
It was [a]> = +157° + 1.5° (6.43 mg. in 2.00 ml. of acetone). 
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Analysis—CisHxO;. Calculated, C 75.46, H 8.67; found, C 75.38, H 8.74 


Con pound A29. 235-23)°—-A small amount of this substance was ob- 
tained from a pool of human pregnancy urine (Case PP1) and also from the 
urine of a Woman with cancer of the breast (Case CaBF10). It was eluted 
from alumina with 0.5 per cent methanol in ether or acetone-ether mixture 
(1:4). A mixture with Compound A383, m.p. 230-233°, melted at 185-220°. 
When mixed with Compound A34, m.p. 238-241°, the mixture melted at 
206-214”. 

Compound ACO. compound, first 
isolated in this laboratory (4), was obtained from the urine of a woman with 
adrenogenital syndrome due to adrenal cortical hyperplasia (Case AHF2), 
of a eryptorchid male (Case M1), and of a woman with adrenal cortical 
tumor (Case ATE2). The method of isolation, the chemical characteriza- 
tion, and the elucidation of the structure of this compound have already been 
described (4).'° In this compound the ketonie group at C2 is reactive and 
forms an oxime, Whereas the tertiary hydroxyl group at C7 is unreactive and 
eannot be acetylated. ‘These chemical properties are similar to those ex- 
hibited by the 17-hydroxy-20-ketosteroids isolated from adrenal glands. 
Because von Euw and Reichstein (70) have shown that the Cy;-OH group 
of these adrenal substances is in the @ configuration, the tertiary hydroxyl 
group of the urinary steroid must also be in the same steric arrangement. 

Compound  Allopregnanediol-Ca ,6-one-20, M.P. 195-186°, and Its 
Conversion to Allopregnanctrione-3 ,6,-0-—About 300 mg. of this compound 
were isolated from the extract of about 1000 gallons of pooled urine from 
pregnant women (Case PPI). It was eluted from alumina with 2 per cent 
methanol in ether. It erystallized as needles from benzene or acetone and 
melted at 195~-196°; [a]?? = +105° + 1° (51.15 mg. in 2.98 ml. of ethanol). 


Analysis— Cy HyO:. Calculated. C 7540, H 10.25 
Found. ** 75.55, ** 10.43 
40.44, ** 10.47 


se 


This compound, when mixed with Compound A27, m.p. 199-200°, showed 
a depression in melting point to 160-180°. When mixed with Compound 
A32, m.p. 192-194°, the mixture melted at 165-172°. 

The diacetate of allopregnanediol-3a ,6-one-20 was prepared by heating 
25 mg. under a reflux for 1 hour in | ml. of pyridine and 0.5 ml. of acetic 
anhydride; it was recrystallized from ligroin as needles melting at 155-156°; 
fa]** = +92.3° + 2° (10.01 mg. in 2.98 ml. of ethanol). 

We are grateful to Dr. H. L. Mason for calling our attention to the incorrect 


specific rotation of Compound A30 reported previously (4). The rotation has been 
repeated and was found to be [a];, = +64.5° + 4° (4.96 mg. in 2.00 ml. of ethanol). 
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Analysis—CosH3sO5. Calculated, C 71.74, H 9.15; found, C 71.89, H 9.37 


The monoxime prepared in the usual way was recrystallized from meth- 
anol and melted at 288-291". 


Calculated, N 4.01; found, N 4.19 


The monodinitrophenvlhydrazone melted at 235° after crystallization 
from methanol-water. 

Analysis—C:;HssOgNa. Calculated. C 63.02, H 7.44, N 10.88 

Found. 

The dihydroxy ketone was recovered unchanged by heating 25 mg. in 
0.3 ml. of hydrochloric acid in acetic acid (1:9 by volume), nor was it oxi- 
dized by periodic acid in methanol at room temperature. ‘The structure 
was established by the following reactions. Oxidation with sodium hy- 
poiodite gave iodoform and an acid which melted at 278-282°. Oxidation 
with chromic acid yielded a triketone which melted at 235-237 after erys- 
tallization from ethyl acetate-ligroin. fa]? = +47.2° + 9° (4.42 mg. in 
2.98 ml. of ethanol). 

Calculated, C 76.32, H 9.15; found, C 76.06, H 9.0% 


The triketone did not depress the melting point of allopregnanetrione- 
3,6,20, m.p. 235-240°, faj**# = +43.3° + 6° (3.24 mg. in 2.00 ml. of 
ethanol), which was prepared from A°-pregnenol-383-one-20 by the method 
described by Marker et al. (71). 

The trisdinitrophenylhydrazone was recrystallized from chloroform and 
methanol, melting at 270-275°, and did not depress the melting point of 
the trisdinitrophenylhydrazone prepared from this synthetic sample. 

Compound A82,. 192-194°—-About 140 mg. of this compound were ob- 
tained from a pool of 1000 gallons of human pregnancy urine (Case PPI). 
It was eluted from alumina with 2 per cent methanol in ether and was iso- 
lated from the benzene and acetone-ether mother liquors of Compound A31, 
m.p. 195-196°. When benzene was added to a solution of this compound 
in acetone, rosettes of needles crystallized; this crystal form melted un- 
sharply between 95-105°. When the substance was recrystallized from 
acetone alone or from acetone-isopropyl ether mixtures, needles were ob- 
tained which melted at 192-194°; faJ*%* = +66.3° + 3° (10.34 mg. in 2.98 
ml. of ethanol). It depressed the melting point of Compound A381, m.p. 
195-196°, and also of Compound A27, m.p. 199-200°. 


Analysis—C2,HsO3. Calculated, C 75.40, H 10.25, found, C 75.53, Hl 10.27 


It formed a diacetate melting at 128-129° after reerystallization from 
acetone-ether mixtures. 
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Analysis—CuH 400s. Calculated, © 71.74, H 9.15; found, © 71.69, H 9.07 


It formed a dinitrophenylhydrazone melting at 234-238° after recrys- 
tallization from methanol, which depressed the melting point of the mono- 
dinitrophenylhydrazone of Compound A31. 

Compound ASS, 230-233°—Traces of this compound were isolated from 
the urine of a male eunuch with adrenal cortical hyperplasia (Case AHM4) 
and from the urine of a man with cancer of the prostate (Case CaP1). 
It was eluted from alumina with acetone-ether (1:3) and was recrystal- 
lized from acetone as needles melting at 230-233°. When mixed with Com- 
pound A34, m.p. 258-241°, the mixture melted at 210-220°, and when 
mixed with Compound A29, m.p. 235-237°, it melted at 185-220°. 

Compound A34, 238-241°-—Traces of this compound were obtained 
from the urine of a male eunuch with adrenal cortical hyperplasia (Case 
AHM4). It was eluted from alumina with acetone-ether (1:4). When 
mixed with Compound A33, m.p. 230-233”, it melted at 210-220°, and when 
mixed with Compound A29, m.p. 235-237°, it melted at 206-214°. 

Compound Adds, 172-176°—This substance was isolated from the urine 
of a male eunuch with adrenal cortical hyperplasia (Case AITM4) and from 
the urine of a woman with adrenogenital syndrome due to an adrenal corti- 
eal hyperplasia (Case AITF2). It was eluted from alumina with acetone. 
When recrystallized from acetone, it formed needles melting at 172-176° 
which depressed the melting point of Compound A26, m.p. 174-175°. 


8-Kelosteroids 


Compound Bi. Allopregnenone-20 (3)—This compound was iso- 
lated for the first time from a pool of human pregnancy urine (Case PP1) and 
from the urine of a Woman with adrenogenital syndrome due to an adrenal 
cortical tumor (Case ATE1). It was eluted from alumina with ether-ben- 
zene (1:10) mixture. When recrystallized from aqueous methanol, long 
needles formed which melted at 127-129°; fa]? = +132° + 4° (7.67 mg. 
in 2.98 ml. of ethanol). 


Analysis—C2HwO. Calculated, C 83.91, H 10.75; found, C 83.89, H 10.87 


It formed a semicarbazone, which, when recrystallized from absolute 
ethanol, melted at 260° with decomposition. In chloroform solution, it 
gave a vellow color when treated with tetranitromethane. Although this 
compound possesses no hydroxyl groups, it reacted with a 1 per cent digi- 
tonin solution to give an insoluble digitonide. There was no depression in 
melting point when mixed with an authentic sample of A? “* »-allopreg- 
nenone-20, prepared by the following procedure: Allopregnanol-3a-one-20 
was dissolved in a mixture of pyridine and chloroform and treated with 


| 
D 
| 


200 STEROID METABOLISM. 


chlorosulfonic acid. After standing | day at room temperature, the soly- 
tion was concentrated to dryness in vacuo. Ether was added to the residue 
and after cooling the pyridinium salt was filtered. It was dissolwd in 
methanol and neutralized with 5 per cent methanolic potassium hydroxide. 
Ether was added to the cooled solution and the precipitated potassium allo- 
pregnanolone sulfate was filtered. It was reerystallized from ethanol and 
melted at 207-210°." The sulfate was pyrolyzed at 250°, in a sublimation 
apparatus at 10°° mm. pressure. ‘Lhe crystalline sublimate was recrys- 
tallized first from dilute methanol and then from methanol to give long 
needles melting at 125°. When mixed with the sample obtained from urine, 
the mixture melted at 125-127°; faj® = +133° 4 4° (7.65 mg. in 2.98 ml. 
of ethanol). 
The synthetic sample was sublimed in high vacuum for analysis. 


Analysis--C»,H3,0O. Calculated, C 83.91, H 10.75; found, C 84.43, H 10.80 


Compound B2. compound was isolated 
from a pool of human pregnaney urine (Case PP1), in which it had been 
found previously (72). It was eluted from alumina with ether-benzene 
(1:9) mixture, and crystallized as plates from aqueous methanol, m.p. 
194-195°; fa)?” = +91.2° (11.77 mg. in 2.98 ml. of ethanol). When 
mixed with an authentic sample of allopregnanol-33-one-20, there was no 
depression in the melting point. Butenandt and Mamoli (51) reported 


a melting point of 194°; [a|!® = +90.8° (in ethanol). 
Analysts— CH Calculated, C 79.19, 10.76; found, C 79.20, Hi 10.80 


The acetate melted at 144-146°. It did not depress the melting point 
of an authentic sample. 

Compound B83. Isoandrosterone—This compound has been isolated from 
the urine of normal women with virilism (42, 30, 73, 74), from the urine of 
two women and from the urine of men with cancer (42, 73). In the in- 
vestigation herein reported it was found in the urine of normal men and 
women, of a pregnant woman (Case P1), of two women with cancer of the 
breast (Cases CaBF10 and CaBF21), and of a eunuchoid male following 
testosterone administration (Case EMIX1). It was eluted from alumina 
with ether-benzene (1:2) mixture. Crystallization from aqueous methanol 
gave a sample melting at 175-176°, [a|?* = +82.0° + 9.8° (3.63 mg. in 
2.98 ml. of methanol), which did not depress the melting point of an au- 
thentic specimen. Ruzicka, Goldberg, and Briingger (75) reported a 
melting point of 174-174.5°; [a], = +87.5° (methanol). 


11 Potassium pregnanol-3a-one-20 sulfate prepared in a similar manner melted at 
232-234°. When pyrolyzed in a high vacuum, it yielded A*°* »-pregnenone-20, m.p. 
128-130°; fa]p = +94.5° + 9° (in ethanol). 
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Analysis—C,sHwO:. Calculated, C 78.57, H 10.40; found, C 78.29, H 10.07 


The benzoate melted at 210-211° and did not depress the melting point 
of an authentic sample. 

Compound Bi. Dehydroisoandrosterone—This compound has been iso- 
lated from the urine of normal human subjects (43, 76, 77), of normal men 
(42, 50), of normal women (57), of male castrates (59), of female castrates 
(44), of patients with adrenal cortical tumors (31, 41, 78), and of patients 
with adrenal cortical hyperplasia (31, 30). In the investigation herein 
reported this compound was isolated from the urine of all patients with 
adrenal cortical hyperplasia and adrenal cortical tumors and of almost 
every subject investigated. It was eluted from alumina with ether-ben- 
gne (1:3) mixture. Reerystallization from benzene-ligroin mixtures or 
aqueous methanol gave dimorphous crystals melting at 137-138° and at 
145-146°. ‘There was no depression in the melting point when Compound 
B4 was mixed with an authentic sample. The analytical sample was sub- 
limed in high vacuum. faj~ = +10.4° (17.18 mg. in 2.98 ml. of ethanol). 
Butenandt et al. (76) reported a melting point of 148°; [aj = +410.9° 
+ 0.7° (ethanol). 


Analysis—CyoHwO,. Calculated, C 79.12, H 9.78; found, C 79.11, H 10.05 


The acetate recrystallized from dilute methanol melted at 166-166.5° 
and the benzoate recrystallized from acetone melted at 256-257°. Neither 
of these derivatives depressed the melting point of authentic samples. 

Compound B5, 2)2-275°—This substance was isolated in traces from 
a pool of human pregnancy urine (Case PP1) and from the urine of a woman 
with adrenogenital syndrome due to cortical tumor (Case ATF1). It was 
eluted from alumina with | per cent methanol in ether and from magnesium 
silicate-Celite (1:2 by weight) with ether-benzene (1:5) mixture. It was 
eluted before Compound B6.  Reerystallization from acetone gave needles 
melting at 272-275° (uncorrected). 

Compound Be. 238-240°-—This compound has been found in traces 
in the urine of three women with adrenogenital syndrome due to an adrenal 
cortical hyperplasia (Cases AHF2, AHF10, and AHF13), of two women 
with adrenogenitul syndrome due to an adrenal cortical tumor (Cases 
ATF1 and ATE2), of a male eunuch with adrenal cortical hyperplasia 
(Case AH M4), and of a woman with a breast cancer (Case CaBF21). 
It was eluted from alumina with 2 per cent methanol in ether and from 
magnesium silicate-Celite with ether-benzene mixture (1:5). This sub- 
stance is altered by chromatographing on alumina and yields non-crys- 
tallizable oils. It appears likely, therefore, that larger quantities of the 
compound were excreted but were not isolated. This compound was 
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recrystallized from dilute ethanol, acetone-ligroin, or benzene-ligroin and 
melted at 238-240°. 


Analysis—-C2;H:00,. Calculated, C 76.33, H 9.14; found, C 75.87, H 8.98 


The ultraviolet absorption spectrum, kindly determined by Dr. Douglas 
Bowen, showed an extinction coefhicient log « = 4.07 at 237.3 mu, charae- 
teristic of an a,f-unsaturated carbonyl group. When acetylated with 
pyridine and acetic anhydride at room temperature a product was obtained, 
which, when recrystallized from lgroin, melted at 175-176". This acetoxy 
derivative likewise exhibited strong absorption in the ultraviolet region 
at 234 mu. 

Compound B7. 209-210°—This compound was obtained from a pool of 
human pregnancy urine (Case PP1). It was eluted from alumina with 
2 per cent methanol inether. When recrystallized from aqueous methanol, 
long needles were obtained which melted at 200 210°; [a]3° = +98,8° 
+ 2° (16.59 mg. in 2.98 ml. of ethanol). 


Analysis—-CyHwO;. Calculated, C 75.40, H 10.25; found, C 75.55, H 10.23 


The diacetate was recrvstallized from dilute methanol, m.p. 102.5- 
103.5°. 
Analysis—C2H2Os. Calculated, C 71.74, H 9.15; found, C 71.65, H 9.25 


The monoxime was crystallized from dilute ethanol and melted at 275° 
with decomposition. 
Analysis—C2,H;;NO;. Calculated, C 72.16, H 10.10; found, C 71.88, H 10.10 


Oxidation of the compound with chromium trioxide gave a product 
melting at 236-237°, which was different from that of the triketone, allo- 
pregnanetrione-3 ,6,20 obtained from the isomeric a-ketosteroid, Com- 
pound A31, m.p. 195-196°. 


SUMMARY 


1. The chemical characteristics of tharly-five a-ketosteroids and. seven 
8-ketosteroids that have been isolated from human urine are described. 

2. Twenty-sic of these forty-two steroids have been completely identified. 
This group includes (a) fourteen that have not been isolated previously 
from human urine, of which ten are known compounds: etiocholanol-3a- 
one-17 acetate-3; A! acetate-3; androsterone ace- 
tate; allopregnanedione-3 ,20; pregnanedione-3 ,20; androstancdione-3 , 17; 
etiocholanedione-3 ,17; A*-androstenedione-3 ,17;  17-isopregnanol-3a-one- 
20; and etiocholanol-3a-dione-11,17; and four are new steroids: A’-etio- 
cholenol-3a-one-17; pregnanediol-3a,l7a-one-20; allopregnanediol-3a,6- 
one-20; and A? ®)-allopregnenone-20; and (}) twelve that have been isolated 
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before from human urme by other investigators: A**-androstadienone-17, 
A? or ®-androstenone-17 ; 3-chloro-A®-androstenone-17 ; allopregnanol-3a-one- 
pregnanol-Se-one-20; androsterone; etio- 
cholanol-3a-one-17; androstanediol-3a,118-one-17; allopregnanol-38-one- 
%); isoundrosterone ; and dehydroisoandrosterone. 

3. Siclcn of these forty-two steroids have been incompletely identified. 
This group inchides szr that have been characterized by melting point and 
Cand [1 anilysis, and fen that were isolated in such small amounts that 
they have been chiracterized only by melting points. 

4. ‘The sequenes in which these steroids are eluted from aluminum oxide 
and magnesium silicate chromatographic columns is discussed; some gen- 
eral principles concerning the order of elution are presented. 

5, The relationships of the steroids isolated as metabolites in urine to 
the known and postulated precursors among the hormones are discussed; 
certain deductions concerning these relationships are given. 


The authors express their deep appreciation to Dr. Thomas F. Gallagher 
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generous assistance in the preparation of this manuscript. 
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It has been recognized for some considerable time that the near infra-red 
absorption spectrum is one of the most highly characteristic physical prop- 
erties of a molecule, and that the measurement of the infra-red absorption 
spectrum provides a very sensitive method for the identification of organic 
compounds. Infra-red absorption spectra until recently have been deter- 
mined in relatively few laboratories, and the data have been used mainly 
in connection with studies leading to the determination of the interatomic 
force constants and the geometric structure of simple molecules (4). 
More recently the infra-red method has been applied to certain industrial 
analytical problems (5-8). 

It is to be expected that the technique will soon be used extensively in 
medical and biological research, since adequate instruments are now avail- 
able commercially. In this paper is described the use of infra-red spec- 
trometry as an analytical tool for the detection and characterization of 
small quantities of steroid metabolites in urinary fractions. The infra-red 
spectra of certain steroids have been reported recently (9, 10). 

The problem involved has been outlined in earlier publications (1-3, 11, 
12). Briefly it is concerned with an analysis and comparative study of the 
steroid content of human urine in normal and pathological states. Infra- 
red analysis has been applied to the crude mixtures of urinary ketosteroids 


*The authors gratefully acknowledge the assistance of the Frances and Sidney 
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and Frieda Schiff Warburg Foundation, the Alfred P. Sloan, Jr., Research Fund, the 
Teagle Fellowship Fund, and the Whiting Foundation. Preliminary reports have 
been presented (1-3). 
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and, more extensively, to the materials obtained by the systematie chro- 
matographic analysis of these mixtures. ‘These procedures have been de- 
scribed in Papers I and II (11, 12), which deal with the methods of separa- 
tion, isolation, and chemical identification of ketosteroids present in urine. 


EXPERIMENTAL 
Methods 


Determination of Infra-Red Spectra—A Perkin-Elmer model 12a infra-red 
spectrometer (13) with sodium chloride prism was used; the thermoelectric 
current was fed into a high sensitivity galvanometer (Leeds and Northrup, 
0.17 microvolt per mm.), the mirror deflections of which were amplified 
by means of a photoelectric relay (7) and secondary galvanometer (Leeds 
and Northrup, 0.003 microampere per mm.). The deflections of the second- 
ary galvanometer were recorded automatically on a strip chart recorder! of 
the type described by Barnes, Gore, Liddel, and Williams (7, 14). The 
recorder drive was operated by a constant speed motor, while a three speed 
gear box in the drive mechanism of the Littrow mirror allowed for variation 
in the speed of recording the spectrum. ‘This apparatus was housed in a 
laboratory air-conditioned to maintain a temperature of 24° + 1° and a 
relative humidity of less than 40 per cent. The sensitivity of the instru- 
ment was checked daily by the determination of the absorption of a stand- 
ard sample of ammonia vapor over the range between 800 and 1200 em.~, 
This served also as a check on the frequency scale calibration, although, as 
the positions of the absorption bands were matched by the use of external 
standards in a manner described below, such calibration was of secondary 
significance for the empirical comparison of the spectra which formed the 
bulk of the work reported here. 

The samples were analyzed as solutions in carbon disulfide in cells made 
from two rectangular blocks of sodium chloride (14 * 20 mm.) separated 
by brass spacers 1 mm. thick.?- The sodium chloride plates were sealed 
together with Glyptal cement and baked at 100° overnight. Since the 
analyses were qualitative only, the exact thicknesses of the cells were not 
determined; two cells were used alternately, one being cleaned and filled, 
while a measurement was made on a solution in the other. ‘The cells were 
filled through two holes (3 mm. diameter) drilled through the top of the 
spacer, Which was widened for the purpose. When the cells were in use, 
these holes were closed by tapered brass pegs to prevent evaporation of the 


1An electronic amplifier and recorder is now available for use with the spec- 
trometer in place of this galvanometer method of recording, and both types of equip- 
ment have been employed in the later phases of this work. 

2 A 3 mm. cell was used in certain instances in which the material was not readilv 


soluble in carbon disulfide. 
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solvent. The solutions were introduced and removed from the cells by 
means of capillary pipettes fitted with rubber bulbs. The cells were cleaned 
by repeatedly flushing with carbon disulfide. Because of the inflammability 
and toxicity of this solvent, special care had to be taken during these manip- 
ulations; solvent residues were not allowed to accumulate in the laboratory, 
and the cells were drained by attachment to a vacuum line so that the car- 
bon disulfide evaporated rapidly and was carried into the vacuum system 
with a current of air. ‘The choice of solvent is limited by the fact that very 
few liquids are sufficiently transparent to infra-red radiation over an exten- 
sive spectral region. Of the few, carbon disulfide is best in the region of 
particular study, 1180 to 875 em.“. 

Observations, both on pure crystalline steroids and on urinary fractions, 
have shown that a concentration of 0.5 to 2 per cent of solute by weight is 
needed to give a good spectrum in a 1 mm. layer of carbon disulfide. The 
volume of solution needed in the cell was 0.2 ml., from which it may be 


TaBLeE I 
Regions of Spectrum Examined 
Region Frequency Wave-length 
A 4000-2530 | 2.50- 3.95 
B | 2000-1620 5.00— 6.17 
Cc 1315-1150 7 .60- 8.69 
D 1.43 


1180- S75 8.47-1 


observed that a minimum of between 1 and 4 mg. of material is required 
for an infra-red analysis.* 

While most of the fractions were examined over the frequency‘ range be- 
tween 1180 and 875 em.~', many of the samples were examined also in other 
regions of the spectrum (see Table I). For purposes of discussion these 
various spectral ranges will be referred to as Regions A, B, C, and D 
respectively. 

The spectrographic record obtained from the particular strip chart re- 
corder employed did not have frequency or wave-length markings, and it 
Was necessary to provide suitable calibration points at known frequencies 


?In the case of urinary fractions, the dilution required to yield a solution within 
the necessary concentration range was calculated in terms of the ‘‘mg.-equivalent of 
androsterone’’ as determined colorimetrically by the Zimmermann reaction, and not 
from the actual weight of the fraction (11). 

‘The units most often used in designating portions of the infra-red spectrum are 
wave-length unit, micron ory (lu = 10,000 A = 107-' em.), and the so called frequency 
unit, wave number or [1 em.~! = 1/A (em.)}. 
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in order that the relative positions of absorption bands on different charts 
might be compared. In Region A the atmospheric water vapor absorption 
bands at 3741 and 3882 em.~ are present on all curves and serve as calibra- 


Relative intensity 
Relative intensit 


B region 


2530 1620 a 2000 


kia. 2 


Fig. 1. Region A (4000 to 2530 cm.~'); reproduction of a typical record obtained 
directly from the spectrometer. Note that this is not a per cent transmission curve. 
Curve I, radiation with bands due to atmospheric water vapor; Curve II, carbon di- 
sulfide; Curve III, solution of androsterone in carbon disulfide. The atmospheric 
water vapor absorption bands at 3741 and 3882 ecm.~' are present on all curves and 
serve as calibration points. The absorption band at 3610 cm.~' in the androsterone 
curve (No. III) is associated with the longitudinal vibration in the hydrogen-oxygen 
bond of the hydroxy] group. 

Fic. 2. Region B (2000 to 1620 em.~'); reproduction of a typical record obtained 
directly from the spectrometer. Curve I, radiation with bands due to atmospheric 
water vapor; Curve II, carbon disulfide; Curve III, solution of androsterone in carbon 
disulfide. The atmospheric water vapor bands at 1700, 1830, and 1870 cm. provide 
calibration points in all three curves. The band at 1742 em. in the androsterone 
curve (No. III) is related to the longitudinal vibrations in the carbon-oxygen bond 
of the carbony] group. 


tion points (Fig. 1); likewise the atmospheric water vapor bands at 1700, 
1830, and 1870 em.~' provide calibration points in Region B (Fig. 2). For 
Region C the water vapor bands at 1388, 1396, and 1420 em.~' were em- 
ployed as calibration points (see Curve IV, Fig. 3) in the manner described 
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helow for Region D. In Region D, the *‘solvent control curve’’ obtained 
in the absence of absorbing material in the cell is smooth (Curve II, Fig. 4), 
and in order to provide reference frequencies the absorption bands of ace- 
tone vapor at 1230, 1219, and 1207 cm.~! were superimposed on each exper- 
imental curve (Curve VIII, Fig. 4). This was done by starting spectral 
recording at a frequency of about 1250 em.-' with a 10 mm. cell containing 
air saturated with acetone vapor in the light path. The spectrum was 


Relative inten sity 


C region | 


1150 1315 
Crm 


Fic. 3. Region C (1315 to 1150 em. '); reproduction of a typical record obtained 
directly from the spectrometer. Curve I, radiation; Curve II, carbon disulfide; 
Curve II], solution of androsterone in carbon disulfide; Curve IV, calibration spec- 
trum of water vapor between 1160 and 1315 em.'. Sinee there are no absorption 
bands (Curve |) to serve as reference points in this region, the water vapor absorption 
bands (Curve IV) of the region between 1460 and 1315 em.-' are used as reference 
points. 


recorded to about 1185 em. ', where the instrument was stopped, the sample 
cell inserted in place of the acetone vapor cell, and the instrument started 
again. During this exchange of cells care was taken that no adjustments 
were made to the drive mechanism of the Littrow mirror so that any error 
due to backlash in the drive mechanism was minimized. 


Calculation of Data 


The curve obtained in this way represents the absorption of the sample 
superimposed on that of the solvent and of the atmospheric water vapor 
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Relative inten sity 


1201 cm? 


D region a 


Fic. 4. Region D (1180 to 875 em.~'); reproduction of a typical record obtained 
directly from the spectrometer. Curve I, radiation; Curve II, carbon disulfide; 
Curve [II, solution of androsterone in carbon disulfide; Curve IV, 75 per cent andros- 
terone + 25 per cent ectiocholanol-ga-one-17; Curve V, 50 per cent androsterone + 00 
per cent etiocholano'-2a-one-17; Curve VI, 25 per cent androsterone + 75 per cent 
etiocholanol-3a-one-17; Curve VII, solution of etiocholanol-2a@-one-17; Curve VIII, 
calibration spectrum of acetone vapor between 1250 and 1180 cm.'. Since there are 
no absorption bands (Curve I) to serve as reference points in this region, the acetone 
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and carbon dioxide in the optical path. Even in the absence of any absorb- 
ing material in the light path, the record obtained from the instrument 
would be a sloping line, since the energy measured by the thermocouple 
varies as the frequency changes. ‘The energy radiated by the light source 
jsapproximately that of a black body at 1400°. For a given slit width, the 
energy incident on the thermecouple is dependent both on the shape of this 
black body radiation curve and on the optical characteris_ics of the mono- 
chromator system. The energy is maximal for a frequency of about 4000 
em.~', and in the regions covered by these investigations the energy de- 
creases With decreasing frequency. 

In reporting the spectra of pure substances, it is customary to calculate 
either a per cent-transmission or a per cent-absorption curve in which cor- 
rections are applied for the absorption of the solvent, the a mosphere, and 
the slope of the radiation line. The calculations involved in the preparation 
of such per cent-absorption curves from the instrumental records are tedious 
and time-consuming,® and it has been found that, for the empirical com- 
parison of the spectra of urinary fractions, the records obtained directly 
fom the strip chart recorder (referred to as instrumental curves) can be 
used quite satisfactorily provided that the instrumental conditions are care- 
fully standardized. such conditions are the slit width, the power consump- 
tion of the light source, the speed of rotation of the recorder drum, the speed 
of rotation of the Littrow mirror, the amplificat:on of the therm: electric 
current, and the direction in which the spectrum is determined (from high 
to low frequency). ‘This careful standardization of operating conditions 
and the consequent elimination of the need for the calculation of the per 
cent-absorption curves of the urinary fractions make the method sufficiently 


‘In recording the ultraviolet absorption spectrum of a pure organic compound, it 
iscustomary to transform the intensity measurements as experimentally determined 
into molecular extinetion coefficients and to report the results in the form of a curve 
with molecular extinetion coefficients as ordinates and wave-lengths or frequencies 
asabscissae. In the infra-red region experimental difficulties caused mainly by the 
presence of scattered radiation, the variation in slit widths employed, and the uncer- 
tainties in determining sample thickness accurately make it undesirable at the present 
time to express intensity data in absolute units. The per cent-absorption refers only 
tothe particular sample determined on a particular instrument. While, in general, 
such measurements are reproducible, the spectra of pure compounds as measured on 
different instruments may show variations in the relative intensity of the maxima in 
diferent regions of the spectrum. 


vapor absorption bands (Curve VIII) between 1250 and 1180 cm.~'! are used as refer- 
ence points. The curves (Nos. III to VII) of androsterone and etiocholanol-3a-one- 
7 and of the three binary mixtures of these steroids exhibit distinctive variations 
from each other. Since the greatest difference in absorption between steroids is 
found in Region D, this region is employed for identification purposes. 
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rapid to be applied as a practical tool in conjunction with chromatographic 
analysis. At the same time, it must be pointed out that data so obtained 
can be directly compared only with other data obtained on the same instru- 
ment or on a second instrument carefully matched for the purpose. In the 
recording of the spectra of pure substances, such as are discussed in the 
following section, the per cent-absorption curves are calculated, since these 
contain less instrumental variations and approach more closely to the abso- 
ute physical constants of the individual substances. 
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Fic. 5. Infra-red absorption spectrum of androsterone 


Results 


Infra-Red Spectra of Pure Compounds-——As typical examples of the infra- 
red absorption spectra of pure steroids in carbon disulfide solution, the (per 
cent-absorption) / (frequency) curves of the following four stereoisomers are 
illustrated in Figs. 5 to 8: I, androstanol-3a-one-17 (androsterone); II, 
androstanol-33-one-17 (isoandrosterone); III, etiocholanol-3a-one-17 (a- 
etiocholanolone); IV, etiocholanol-38-one-17 (8-etiocholanolone). 

The four regions covered in the routine analyses of urinary fractions are 
indicated by the dotted ordinate lines. At the high frequency end of the 

* The region between 1400 and 1315 cm.~! shown on Figs. 5 to 8 is excluded from 


Region C because it occurs on the side of a steeply rising carbon disulfide absorption 
band which makes measurements here unsuitable for empirical comparison without 
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spectrum (Region A) the absorption bands are related to energy absorption 
in the molecule associated with activation of stretching vibrations of certain 
of the bonds; thus the absorption bands at 3610 em.~' in androsterone and 
its three isomers (Figs. 5 to 8) are associated with a longitudinal vibration 
in the hydrogen-oxygen bond of the hydroxyl group. Similarly the bands 
at 1742 cm. in the four compounds ure related to longitudinal vibrations 
in the carbon-oxygen bond of the carbonyl group. It is at the lower fre- 
quencies (Region D) that the differences between the spectra of the various 
steroids are most significant; this is because the absorption of radiation in 
this region is more nearly characteristic of vibrations involving the whole or 
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Fic. 6. Infra-red absorption spectrum of isoandrosterone 


extensive parts of the molecule, and such vibrations are more sensitive to 
small variations in the molecular configuration. 

Accordingly, it is to Region D that most attention has been directed in 
these empirical comparisons and analyses of the spectra of urinary frac- 


correction for the carbon disulfide absorption. The ‘*A Br region’’ measurements in- 
cluded in these curves were determined at the Stamford Research Laboratories, 
American Cyanamid Company, by means of a spectrograph with a potassium bromide 
prism. ‘The data for Region A of Figs. 5 to 8 were also determined at Stamford with 
4 lithium fluoride prism. The concentrations and cell thicknesses employed in the 
measurements in these regions of the spectrum were not necessarily identical with 
those used for Regions B, C, and D. 
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Fic. 7. Infra-red absorption spectrum of etiocholanol-3a-one-17 
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Fic. 8. Infra-red absorption spectrum of etiocholanol-38-one-17 


In some cases, however, differences in Regions A, B, and C have 


4 Aw | 
Ad’ 
} . \ JN 
‘ a ~ 
a 
‘ 
\ j — 4 
| 
Cm t 
| 
| 


DORRINER, LIFRERMAN, RHOADS, JONFS, WILLIAMS, BARNES 307 


ings. The spectra of a considerable number of pure steroids have been 
determined, and in all cases marked individuality is noted in Region D. 
Recently the infra-red spectra of crystalline films of several steroids have 
been reported by Furchgott, Rosenkrantz, and Shorr (9, 10), who have also 
made an attempt. to correlate certain of the absorption maxima with specific 


groups and their stereochemical relations in the molecule. 
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Fic. 9. Photograph of the graphic comparison in Region D of the curve of pure 
androsterone with that of a non-crystalline steroid isolated from urine and presumed 
from its spectrum to be androsterone. Curve with solid line, androsterone standard; 
curve with dotted line, steroid from urine fraction. 


Spectra of Mixtures of Pure Steroids-—The infra-red absorption spectra 
of mixtures should show structures indicative of the presence of the various 
constituents, and, in the absence of intermolecular reactions, the spectrum 
of a mixture of two or more organic compounds should be a summation of 
the spectra of the constituents, proper allowance being made for their re- 


spective concentrations.’ 
’ The optical density (log J5/7), where /o is the intensity of the incident radiation 
and J the intensity of the transmitted beam, is directly proportional to the concen- 
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The quantitative analysis of several mixtures of two or more organic com- 
pounds, based on measurements of the infra-red absorption spectra, have 
been recorded in the literature (5,7). The spectra of a series of mixtures 
of androsterone and etiocholanol-3a-one-17 in Region D are shown in Fig. 4, 
The systematic spectral variation with change in composition is clearly 
evident in these curves, and approximate quantitative analyses of mixtures 
of androsterone and etiocholanol-3a-one-17 can be made by visual matching 
of such an experimental curve against a range of control curves made on 
mixtures of known composition. Tor such purposes the direct instrumental 
curves obtained under controlled conditions of operation will suffice and 
per cent-absorption curves sre not necessary. 

Spectra of Urinary Fractions--Vhe work carried out at the Sloan- 
Kettering Institute (11, 12) has shown that the ketosteroid mixture ob- 
tained from urines of normal and diseased persons is very complex; the 
infra-red analyses of these crude fractions support this view. 

If this crude ketonic material is submitted to a process of systematic 
fractional adsorption analysis, the infra-red absorption spectra of the 
successive fractions are found to exhibit considerable differences. Certain 
of these fractions obtained from such a chromatographie analysis yield 
infra-red curves which are identical with those of pure constituents of es- 
tablished structure; this is illustrated in Fig. 9, in which the instrumental 
curve in Region D of a fraction from the urine of 2 normal person is com- 
pared with the curve of pure androsterone. Among the products of 
chromatographic separation of the erude ketosteroid material, forty-two 
pure compounds have been identified by the established methods of organic 
chemistry (12). The spectrum of each of these constituents is characteris- 
tic. 


DISCUSSION 


An empirical comparison of the instrumental curves, obtained from a 
chromatographic sequence of urinary fractions, with a set of standard curves 
prepared from pure samples of the known constituents clearly demonstrates 
that the presence of such constituents can be detected in the individual 
fractions. In making use of infra-red absorption data in this manner, 
it is assumed that each steroid metabolite possesses a unique spectrum and 
ean be recognized by this in the analytical procedure. Observations of 
the spectra of a considerable number of steroids have shown that quite 
minor changes in chemical structure or stereochemical configuration alter 
the spectrum significantly, and there is ample evidence from the recorded 


tration of the solute. Hence,in the spectrum of a mixture, the heights of the maxima 
will be directly proportional to the concentrations only if the absorption intensity 
data are expressed as optical densities. 
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data on the infra-red spectra of other types of compounds (6, 7, 15) to justify 
the assumption that the infra-red spectrum of every organic compound is 
probably unique. ‘These conclusions are further strengthened by a study 
of the spectra of Figs. 5to8. It is evident that these spectra differ widely, 
even though the four compounds differ only in their stereoisomerism. 

In such applications infra-red analysis has several advantages besides the 
unique character of the spectrum. As shown in the experimental section, 
the sample required is small, and can be reduced still further by special 
optics or the design of micro cells. The sample is unchanged in the analysis 
and can be recovered for further work. The time required to record Region 
D, including the preparation of the sample, is less than 10 minutes, and the 
spectral record can be obtained in a permanent form by relatively untrained 
personnel. ‘Trained specialists are thus required only for interpretation 
of the records at convenient time intervals. Further development of the 
technique may permit the use of smaller urine collections and less tedious 
chromatographic separation. 

In addition to the application of infra-red spectroscopy as a means of 
empirical identification of steroids, the use of these spectra to elucidate 
the chemical structure of steroids is possible, because of the correlations 
that have been made between the infra-red absorption spectra and the 
chemical structure of steroid molecules. It has been noted that certain 
of the absorption bands in the infra-red spectrum are associated with the 
presence of hydroxyl and carbonyl groups in the molecule. In the work 
discussed here, no attempt is made to deduce structural information from 
the characteristic absorption bands of the spectra. However, it is clear 
that infra-red data can be applied to the elucidation of the structure of 
unidentified steroids isolated from urine. 

The chromatographic separa‘ ions vield a large number of fractions, many 
of which contain insufficient material to allow further characterization by 
chemical methods; this is true particularly of the non-crystalline fractions, 
and the infra-red absorption spectra provide a means for the characteriza- 
tion of such material. If the spectra of a consecutive group of fractions 
from the chromatographic column are followed, those fractions which 
consist of one only of the previously recognized constituents can be identi- 
fied by comparison of the experimental curves with those of the known 
standards. ‘The position, in the series of consecutive fractions, in which 
a second constituent approaches a significant concentration can be recog- 
nized by the progressive deviation of the appearance of the experimental 
curve from that of the pure reference compound or compounds. 

If the eluates from the chromatogram are systematically followed in this 
manner, variations in the spectra appear at certain places which do not 
correspond with those which would be anticipated (11, 12) for binary mix- 
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tures of the reference compounds in the well established sequence in which 
they are eluted from the chromatographic column. ‘The presence of such 
anomalous structure in a spectrum indicates that the fraction contains 
material not hitherto recognized as a constituent of these steroid mixtures. 
The presence of small quantities of several previously undetected steroid 
metabolites in the urines of normal and diseased persons has been indicated 
in this manner. 

The quantities of these substances present in the samples from any one 
person may be so small that their isolation and chemical characterization 
is a matter of considerable difficulty. However, the small quantities of 
material possessing the same spectrum which occur in samples from differ. 
ent individuals can be pooled, and in this way sufficient material can be 
accumulated to permit purification and characterization by chemical 
methods. 

The variations in the infra-red absorption spectra of such series of chroma- 
tographed fractions from individual and pooled collections of the urines of 
normal and diseased persons will be discussed in subsequent papers. 


SUMMARY 


Methods of infra-red spectrometry have been developed for the identi- 
fication of the steroid metabolites found in urine. ‘These methods can be 
applied both to the control of the fractionation procedures by which the 
individual steroid metabolites are separated and to the identification of the 
pure substances so obtained. 

A discussion is given of the application of these methods to the estimation 
of the composition of binary mixtures of steroids, and to the detection of 
previously unrecoznized steroid constituents in the sequence of components 
obtained by fractional chromatographic analysis. 
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BIBLIOGRAPHY 


1. Dobriner, K., Lieberman, 8., Rhoads, C. P., Jones, R. N., Williams, V. Z., and 
Barnes, R. B., Abstracts, American Chemical Society, 109th meeting, Atlantic 
City, 5B (1946). 

2. Dobriner, K., Lieberman, 8., Rhoads, C. P., Jones, R. N., Williams, V. Z., and 
Barnes, R.B., Transactions, Conference on metabolic aspects of convalescence, 
13th meeting, New York, 175, June 11, 1946; sponsored by Josiah Macy, Jr., 
Foundation. 

3. Jones, R. N., Laurentian hormone conference, St. Adele, Canada, Sept. 16-21 
(1946). 


] 
] 
] 
] 
| 


M4. 
15. 


DOBRINER, LIEBERMAN, RHOADS, JONES, WILLIAMS, BARNES 311 


. Herzberg, G., Infrared and raman spectra of polyatomic molecules, New York 


(1945). 


. Whiffen, D. H., and Thompson, H. W_., J. Chem. Soc., 268 (1945). 
_ Wright, N., Ind. and Eng. Chem., Anal. Fd., 13, 1 (1941). 
. Barnes, R. B., Gore, R.C., Liddel, U., and Williams, V. Z., Ind. and Eng. Chem., 


Anal. Ed., 16, 659 (1943). 


. Sweeney, W. J., Ind. and Eng. Chem., Anal. Ed., 16, 723 (1944). 

. Furchgott, R. F., Rosenkrantz, H., and Shorr, E., J. Biol. Chem., 163, 375 (1946). 
._ Furchgott, R. F., Rosenkrantz, H., and Shorr, k., J. Biol. Chem., 164, 621 (1946). 
. Dobriner, K., Lieberman, S., and Rhoads, C. P., J. Biol. Chem., 172, 241 (1948). 
. Lieberman, 8., Dobriner, K., Hill, B. R., Fieser, L. F., and Rhoads, C. P., J. Biol. 


Chem., 172, 2°3 (1948). 


. Barnes, R. B., McDonald, R. 8., Williams, V. Z., and Kinnaird, R. F., J. Appl. 


Phys., 16, 77 (1945). 
Pompeo, D. J., and Penther, C. J., Rev. Scient. Instruments, 13, 218 (1942). 
Symposium, The application of infrared spectra to chemical problems, Tr. Fara- 
day Soc., 41, 171 (1945). 


§ 
7 
au 
ae 


si 

» fr 
lest 
pe 
tha 
UXV 
Was 
pre | 
hol 
tosy] 
Was € 


THE FORMATION OF CHOLESTEROL FROM 7-CHOLESTERYL 
METHYL ETHER* 


By HERBERT McKENNIS, Jr. 


From the Department of Physiological Chemistry, The Johns Hopkins University, 
School of Medicine, Baltimore) 


(Received for publication, September 12, 1947) 


In a recent communication (1) the synthesis of cholesteryl n-propyl ether 
(Ila) from 7-cholestery] methyl ether (1) was reported. At that time it was 
stated that the reaction was of interest for the preparation of other 
cholesterol derivatives. The present report deals with additional appli- 
cations of the above ether synthesis and the formation of cholesterol itself 
from 1-cholesteryl methyl ether. 


| “fy 


ROH 
CH,C.H,SO,H 


CH; 
(1) (11) 
(IIa, R = C,H;—) 


Since it has been shown (2) that the reaction of thiophenol with cho- 
lestery] p-toluenesulfonate leads to the formation of a bisphenylthio com- 
pound, tentatively called 3,5-(bisphenylthio)cholestane, it would appear 
that in the formation of cholesteryl ethers! the cleavage of the carbon- 
oxygen bond occurs in the steroid rather than in the reacting alcohol. It 
was, therefore, anticipated that the methyl ether of z-cholesterol could be 
transformed to cholesteryl ethers which contain a variety of alkoxy groups. 

i-Cholesteryl methyl ether was smoothly converted to n-propyl and 1- 
propyl cholesteryl ethers by heating I and an excess of the appropriate alco- 
hol in the presence of p-toluenesulfonic acid. It was then reasonable to 


* Aided by a grant from the John and Mary R. Markle Foundation. 

‘The previous reports (1, 2) discuss the formation of cholesteryl ethers from the 
tosyl ester (3-5) and the intermediate t-cholesteryl ethers, the structure of which 
was elucidated by Wallis and coworkers (6-8). 
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suppose that by taking advantage of this same reaction cholesterol could be 
prepared. [By reaction of water ard I in aqueous dioxane, cholesterol was 
obtained in gocd yield. 

That the reaction shown is indeed one which involves the 7-cholestery] 
radical rather than simple exchanges with cholesteryl methyl! ether, which 
ean be formed from 7-cholestery! methyl! ether in methanol in the presence 
of acid (2, 4), was clearly shown in one case investigated. Here cholestery| 
methyl ether was heated with n-propanol and p-toluenesulfonic acid mono- 
hydrate under the same conditions which prevail in the reaction of the jso 
compound. ‘The normal cholestery! methyl ether was recovered unchanged 
in quantitative yield. It was also found that 7-cholestery] methyl] ether 
after treatment with aqueous dioxane which contained sodium acetate in- 
stead of the customary acid could be quantitatively recovered. These 
observations together with previous data (2, 4, 5) serve to strengthen the 
belief that one is dealing with a general acid-catalyzed reaction, the effect of 
which is the formation of 3-A*-cholesteny! derivatives of anions (viz., Cl, 
Br-, I-, HO~, CH3;0-, n-C3H;O-, CH,;COO~) derivable from 
one of the reactants. 


EXPERIMENTAL 


Cholesteryl n-Propyl Ether—To a solution of 300 mg. of 7-cholesteryl 
methyl ether (3) in 35 ec. of n-propanol were added 35 ec. of a solution con- 
taining 100 mg. of p-toluenesulfonic acid monohydrate in »-propanol. The 
combined solutions were heated for 2 hours at SO° and then concentrated 
under diminished pressure to a volume of approximately 25 ec. 10ce. of 
water were added slowly with stirring. The mixture was cooled, and the 
product was collected and washed three times with 5 ec. portions of 30 per 
cent aqueous n-propanol. The vield of cholesteryl! n-propyl ether, m.p. 
100°, was 247 mg. (77 per cent of the calculated amount). On further dilu- 
tion with water the combined wash and mother liquors yielded material, 
m.p. 92-94". 

When the reaction was carried out as described above, except for the 
period of heating, which was extended to 3 hours, the yield of cholestery! 
n-propyl] ether, m.p. 100°, was 96 per cent of the calculated amount. The 
products, in both cases, did not depress the melting point of authentic ma- 
terial upon admixture. 

Stability of Cholesteryl Methyl Ether to n-Propanol and p-Toluenesulfoni 
Acid—150 mg. of cholesteryl] methyl ether were heated in 35 ce. of n- 
propanol for 2 hours in the presence of 50 mg. of p-toluenesulfonie acid 
monohydrate. The solution was concentrated under diminished pressure 
to a volume of approximately 20 cc. and then diluted to 100 ce. by addition 
of water. 150 mg. of erystals, m.p. &3.5-84°, were deposited from the 
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cooled mixture. The quantitatively recovered cholesteryl methyl ether did 
not depress the melting point of an authentic sample upon admixture. 

Cholesteryl t-Propyl Ether—-250 mg. of t-cholesteryl methyl ether were 
treated with 70 ec. of t-propanol and 100 mg. of p-toluenesulfonic acid 
monohydrate at a temperature of 80° for 3 hours as described under the 
preparation of the n-propyl ether. The product weighed 255 mg. (96 per 
cent of the calculated amount) and melted at 132-133°. The latter is in 
agreement With the melting point of 132° reported by Lills and McDonald 
(9) for the same compound. 

Cholesterol from t-Cholesteryl Methyl Ether—To a solution of 100 mg. of 
icholestery! methy! ether in 50 ec. of purified p-dioxare were added 100 mg. 
of p-toluenesulfonic acid monohydrate in a mixture of 50 ec. of water and 50 
ec. of dioxane. The combined solutions were heated for 5 hours at 80° and 
then allowed to cool. The solution was diluted with water to a volume of 
2 cc. After the mixture had remained for several hours in the refriger- 
ator, the ervstalline product was collected and washed with water. The 
vield of cholesterol, m.p. 147-148°, was 92 mg. after drying tn vacuo. This 
represents 95 per cent of the calculated amount. The melting point was not 
depressed by admixture with an authentic sample. The product, upon 
treatment with acetic anhydride, vielded an acetyl derivative, m.p. 114— 


115°, which did not depress the melting pomt of authentic cholesteryl 


acetate upon admixture. 

Stability of t-Cholesteryl Methyl Ether to Aqueous Dioxane under Alaline 
Conditions— A solution of 100 mg. of 7-cholestery| methyl ether in 50 ec. of 
dioxane Was added to 2.00 gm. of anhydrous sodium acetate which had been 
dissolved in a mixture of 50 ec. of dioxane and 59 ec. of water. The com- 
bined solutions were heated at 80° for 5 hours. On dilution with water, the 
tether Was recovered quantitatively from the mixture. The mel.ing point 
of 79° was identical with that of the starting material and not depressed by 
admixture with the same. 


SUMMARY 


The conversion of 7-cholesteryl methyl ether to cholesteryl n-propyl ether 
and to cholesteryl 7-propyl ether by heating 7-cholestery! methyl ether with 
wi excess of the appropriate alcohol and p-toluenesulionic acid has been 
described. ‘The reaction involved is dependent upon the marked lability of 
cholesteryl methy! ether, since cholesteryl methyl ether was shown to be 
effectually stable to n-propanol under conditions favorable for the reaction 
cholesteryl methyl! ether. 

By utilizing the principles of the above reaction, which appears to be 


quite general, cholesterol was obtained in good yield trom 7-cholesteryl 
methyl ether by reaction in aqueous dioxane. 
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ACCELERATION OF CATALASE ACTION 
By CORNELIUS W. KREKE anv SISTER PAULETTE MALONEY 


(From the Laboratories of the Institutum Divi Thomae, Cincinnati) 
(Received for publication, September 27, 1947) 


It has been reported (1) that a concentrate prepared by alcoholic extrac- 
tion of yeast cells accelerated the enzymatic decomposition of hydrogen 
peroxide. Because of the crude character of the preparation used, the 
manner in Which the accelerative effect was exerted on the catalase system 
was unknown, but the suggestion was made that the action may have been a 
direct acceleration of the enzyme itself. This phenomenon. has been 
designated as acceleration rather than activation because the accelerating 
substance apparently is not essential for catalase activity. 

Sumner and Sisler (2) in repeating this work found that yeast extracts 
as prepared by them protected crude rat liver catalase from inactivation 
by hydrogen peroxide at 24°, but they were unable to demonstrate any 
acceleration by these extraets, either of the crude or of the crystalline 
enzyme. Protection of the enzyme by the extract had also been observed 
in these laboratories but this activity was not considered a unique property 
of the extract, since protection is also afforded by substances occurring 
naturally with the enzyme. 

The accelerative effect of the yeast preparations on catalase action has 
been confirmed and extended. ‘The further evidence obtained is presented 
here to show that (a) the catalase decomposition of hydrogen peroxide can 
be accelerated by the extract, (b) that this aecelerative ability is possess« d 
by extracts of two different strains of bakers’ veast, and (c) that the ac- 
celerative effect can be measured gasometrically as well as titrimetrically. 
some indications as to the nature of this acceleration are also included in 
this paper. 


EXPERIMENTAL 


7 pounds of fresh Fleischmann’s bakers’ yeast were used for the extracts, 
prepared in a manner similar to that described elsewhere (3). The yeast 
was extracted with 2.5 liters of 95 per cent ethyl alcohol for 4 hours at a 
temperature of 60—70° with constant mechanical stirring, and the yeast was 
filtered off on a Biichner tunnel. Reextraction with 50 per cent aleohol was 
omitted, since this did not increase the potency of the final preparation (4). 
The extract was then concentrated in vacuo at 60° to a volume of approx- 
mately 400 ml. ‘This concentrate contained a large amount of fat and 
other colloidal materials which were eliminated by filtration suecessively 
through a Biichner funnel and a Seitz filter. The pH of this concentrate, 
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usually approximately 5.0, was adjusted to 6.8 (glass electrode) with norma] 
sodium hydroxide. The concentrate was then sterilized by passage through 
a Seitz filter. Autoclaving was avoided since this caused the formation of a 
precipitate and a darkening of the concentrate. Dry weight determinations 
were made prior to adjusting the pH. 

A commercial concentrate of Anheuser-Busch yeast prepared in a manner 
similar to that of Fleischmann’s yeast was obtained from the laboratories of 
Sperti, Inc., Cincinnati. Before use in these experiments the commereja] 
concentrate was filtered through a Biichner funnel, adjusted to pH 6.8 with 
normal sodium hydroxide, and sterilized by passage through a Seitz filter. 

Decolorization of both the laboratory and the commercial types of con- 
centrate Was accomplished by treatment with norit chafeoal (5). Extracts 
to be decolorized were diluted to 200 mg. per ml. with water and adjusted 
to pli 6.2. Norit charcoal (approximately 10 per cent ot the total weight 
of the extract) was then added and the mixture heated to 60° tor 10 minutes 
with constant stirring. The chareoal was then filtered off, the filtrate 
adjusted to pH 6.8, and sterilized by passage through a Seitz filter. If only 
2 partial decolorization was effected with this procedure, the treatment was 
repeated. 

The rate of decomposition of hydrogen peroxide by catalase in the 
presence and absence of yeast extracts was determined by the same per- 
manganate titrimetric procedure as was previously used (1) and also by the 
gasometric method of Perlmann and Lipmann (6) with the Warburg respi- 
rometers. In the latter procedure, control manometer flasks contained 1 ml. 
of hydrogen peroxide (0.6 mg. of Merck’s 30 per cent, diluted to 500 ml. 
with water), 1 ml. of 0.04 Mm phosphate buffer, 0.5 ml. of catalase prepara- 
tion, and 0.5 ml. of distilled water. 

The yeast extracts to be tested were diluted sufficiently with water so 
that the range of final concentrations in the manometer flask varied from 
0.5to2mg.perml. This seems to be the optimum range of activity of the 
extract as measured either by the gasometric or the titrimetric procedure. 

When the titrimetric method was emploved determinations of the amount 
of reaction between the permanganate and the veast extract were routinely 
made in the following manner. Two flasks cont ining 35 ml. of hydrogen 
peroxide and 10 ml. of buffer were placed in the water bath. To one flask 
were added 5 ml. of water and to the other 4 ml. of water and 1 ml. of yeast 
extract containing 25 or 50 mg. per ml. of dry material (final concentration 
of dry material, 0.5 or 1 mg. per ml.). After a 10 minute equilibrium period 
5 ml. of the solutions from each flask were removed and placed in 20 ml. 
of 10 per cent sulfuric acid. Each 5 ml. sample was then titrated with 
0.01 N permanganate, and the difference in amount of permanganate used 
gave the blank correction. ‘These corrections were then subtraeted from 
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the experimental titration values. The amount of the correction was 0.2 
to 0.3 ml. of O.OL N permanganate per 5 ml. of reaction mixture for the 
experiments reported here. Blanks should be determined for every batch 
of extract. Since the value for the blank depends upon the purity of the 
extract, it may in some instances be zero, as in the earlier work (1). In 
other cases 1t may be excessive and mask completely the acceleration of the 
enzyme. 

Two types of catalase preparations were used in these experiments. 
One was a crude rat liver autolysate prepared as described in a previous 
publication (1) and the other was a purified enzyme prepared by the 
method of Sumner and Dounce (7). This catalase was not crystalline 
but had an activity of approximately 16,500 Aa?. f. units. 


Resulls 


In big. | is shown the result of a typical experiment in which an un- 
decolorized concentrate of the Anheuser-Busch yeast was tested for its 
effect on the catalytic decomposition of hydrogen peroxide by a crude rat 
liver enzyme as measured titrimetrically at 24°. The extract was incubated 
with the enzyme during the 10 minute equilibration period before addition 
of the hydrogen peroxide. The reaction constants of the control and 
experimental reactions are plotted against time (Fig. 1, Curves I and II). 
Extrapolating to zero time gave an $2 per cent increase of the experimental 
over the control reaction. This particular extract of Anheuser-Busch yeast 
was tested seven times at 0.5 and 1 mg. levels with qualitatively similar 
results. By the same method and the same conditions, similar results were 
obtained with three other extracts (Anheuser-Busch, decolorized and 
undecolorized, and Fleischmann’s undecolorized). A summary of the 
results of these experiments is given in Table 1. Reaction constants at 
gro time for the control svstems ranged from 0.024 to0.117. No consistent 
relation was observed between the percentage stimulation by an extract 
and the A» values of the control reactions. The pH of the reaction mixture, 
initially buffered at 6.8, was not changed with the addition of the extracts. 
Moreover, the reaction mixture in both the control and experimental 
flasks did not change in hydrogen ion concentration during the course of 
the reaction. 

The values given in both Table I and Fig. 1 (Curve II) were calculated 
alter correction for the interaction of permanganate and yeast extract. 
It was not necessary, however, to make such corrections to show the 
acceleration by these extracts, as is evident from the uncorrected data 
presented in Curve LIT, Fig. 1. 

The extracts themselves in the absence of the catalase did not decompose 
the hydrogen peroxide under the conditions of the experiments, confirming 
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early observations (1) and indicating that the acceleration of the enzymatic 


4 
decomposition was not due to a catalyst in the extract. i 
0.20 | di 
0.19 —~ él 
in 
0.17, + 
3 | | | , th 
” 
» | if 
> 
> | 
| 
| | | th 
0.09 
| | CURVE I. | 
| 0.08 | 
0.07+ | 
| 
10 i5 20 
MINUTES 
Fie. 1. kffect of yeast extract on decomposition of hydrogen peroxide by a crude 
catalase. Temperature 24°. Curve I, control (hydrogen peroxide, buffer, enzyme); 
Curves II and III, control + yeast extract (1.0 mg. per ml., final concentration). 
Curve I], corrected data; Curve IIT, uncorrected data. Co 
Ex] 
TABLE I 
Acceleration of Catalase Activity by Different Yeast Extracts As Measured Titrimetri- 
cally with Crude Catalase at 24° ) Oxi 
Range of Ko values of control systems, 0.024 to 0.117. at 
Ty f yeast extract | No. of | of | Th 
tion tested | activity increase ine 
per mi | percent per cent per 
Anheuser-Busch, No. 134-5 | 0.5 | 2 | 42-47 45 ext 
| 5 | 24-80 47 
| | 71 
cat 
154-5, decolorized | 1.0 2 | 65-89 fon 
Fleischmann, No. A | . i 5 | 32-93 | ra 
‘pe! 


To determine to what extent this acceleration of catalase decomposition , 7 
of hydrogen peroxide is due to a protection of the enzyme against deteriora ged 
tion by the hydrogen peroxide, several experiments were performed in which | gy¢, 
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, crude rat liver catalase was allowed to decompose the hydrogen peroxide 
at 0°. The reaction constants of the decomposition remained the same 
| during a 20 minute experimental period, indicating no deterioration of the 


enzyme (Table II). The addition of a yeast extract (1 mg. per ml., final 
-eoncentration of Fleischmann’s undecolorized concentrate) resulted in an 


increase in the reaction constant over the control at the first period of 
measurement, with no change in this reaction rate during the remainder of 
the experimental period (Table Il). The same results were obtained with 


,more active enzyme (Ky = 0.076). 


When the extracts were not allowed to stand with the enzymes during 
the equilibration period but were added simultaneously with the hydrogen 
yroxide to the enzyme-butler mixture, the reaction constants of the 
experimental solutions increased during the course of the decomposition of 
the hvdrogen peroxide. Generally the maximum reaction constant was 


—_ 


ached at 5 minutes from the time of the addition of the hydrogen per- 


TABLE II 


Lffect of Yeast kxtract (Fleischmann) on Crude Catalase at 0° 


The experimental values are the average of two experiments. 


Yeast | Ko values 

ration | 5S min. 10min. | 15min. | 20min. | trapoiated | 

me. per ml. | | | per cent 

| | | 

Control 0.0 0.025 0.023 0.023 | 0.023 | 0.024 | 

Experimental 1.0 0.0425 0.0400 0.0455 0.0420 | 0.0422 | 78 


oxide. ‘The same phenomenon was observed when the extract was tested 


at O° in systems containing the purified enzyme, Aat. f. 16,500 (Fig. 2). 


The reaction constants of the experimental solutions containing the extracts 
increased generally for the first 15 minutes after addition of the hydrogen 
peroxide. Similar results were obtained in five experiments with the same 
extract (Fleischmann’s Extract A). Allowing the extract to stand with the 
enzymes at O° for various periods of equilibration did not change the 
course of reaction or the rise in the reaction constants. The acceleration of 
catalase decomposition of hydrogen peroxide by a yeast extract was con- 
irmed independently by Sister M. Julitta Bomkamp of Villa Madonna 
College, who used both a crude and a crystalline (Aat. f. 25,300) enzyme 
‘personal communication). 

To eliminate the difficulties inherent in the use oi the titrimetric pro- 
cedure, in which there is a reaction between permanganate and yeast 
extract, necessitating blank determinations and correction factors, the 
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effect of the yeast extract on the enzymatic decomposition of hydrogen | t 
peroxide was measured by the gasometrie technique of Perlmann andj | 0 
Lipmann (6). The course of the reaction was followed by the volumetrie } © 
determination of the oxygen evolved. The extract in final concentrations | P 
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Fic. 2. Effect of yeast extract on decomposition of hydrogen peroxide by a purified 
enzyme (Kat. f. 16,500). Curve I, control (hydrogen peroxide, buffer, enzyme): 
Curve II, control + extract (1.0 mg. per ml., final concentration). 


III 
iffect of Yeast Extract on Catalase As Determined by Gasometric Procedure at $0° 


The results are the average of two experiments. Twenty other similar experi- a 
ments confirm these observations. 


O2 evolved | 
Time | ™ 
Control* Yeast mg. Yeast mg. de 
| | | hy 
min. c.mm. C.mm. 
5 23.30 33.70 32.20 | 
10 47.23 59.93 57.74 
15 | 59.92 72.85 7()_88 sul 
20 | 71.40 | S5.75 In 
* Control = hydrogen peroxide, buffer, and crude enzyme. 
of 1 and 2 mg. per ml. increased the evolution of oxygen (Table ID. 3 
In twenty similar experiments with two veast extracts (crude extracts of | 0 
Fleischmann and Anheuser-Busch yeast) qualitatively similar results were * 


obtained. In the absence of the enzyme the extracts in the same concentra- 


| 


Cc. W. KREKE AND P. MALONEY 323 


tions did not decompose the hydrogen peroxide. It is apparent that the 
oxidizable materials of the extract did not react appreciably with the 
oxygen liberated during the course of the decomposition of the hydrogen 
peroxide. 


DISCUSSION 


With the permanganate titration procedure it was found that the 
permanganate reacted to a slight degree (0.2 to 0.3 ml. of 0.01 N permanga- 
nate per 5 mil. of reaction mixture) with substances in the yeast extracts, 
presumably oxidizable materials. The question immediately arose as to 
whether a reaction occurred between the materials in the extract and the 
hydrogen peroxide in the presence of the catalase, a possible cyclic process 
similar to that described by Keilin and Hartree (8). That such is not the 
ease is shown by the experiment (Table IV) in which the difference in the 


TaBLe IV 


Reaction of Yeast Extract (Fleischmann’s, Undecolorized) with Permanganate before 
and after Decomposition of Hydrogen Peroxide by Catalase 


Values given in tml. of 0.01 N potassium permanganate. 


0 time, enzyme absent 60 min., enzyme present 
Yeast extract | Yeast extract Yeast extract | Yeast extract 
| present, 1 mi. Difference po present, 1 Difference 
| 4.69 4.85 0.24 0.09 0.52 0.43 
4 4.69 0.24 0.08 0.32 0.24 
3 4.72 5.138 0.41 0.08 0.33 0.25 
Average | 4.70 4.94 | 0.29 | 0.08 | 0.39 | 0.31 


amount of permanganate required at zero time in the titration of 5 ml. of the 

‘action mixtures in the presence and absence of veast extract (blank 
determination) was the same as that after complete decomposition of the 
hydrogen peroxide (1 hour). 

Since the reaction between yeast extract and permanganate lowers the 
values for acceleration of the enzyme, the blank correction should be 
subtracted from the titration values for the experimental reaction mixture. 
In Fig. 1, Curves II and III respectively demonstrate the corrected and 
uncorrected values for the rate of reaction, and the amount of acceleration 
issignificant in the uncorrected Curve ITT. 

By the use of the gasometric procedure, acceleration of the enzymatic 
decomposition of hydrogen peroxide can be demonstrated without the 
complications inherent in the titrimetric procedure. The increased oxygen 
production obtained in the presence of the veast extract indicates that there 
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is no reaction between the hydrogen peroxide and the extract in the presence 
of the catalase. 


SUMMARY 


By means of the permanganate titration procedure, alcoholic extracts of 
two strains of bakers’ yeast were found to increase the rate of enzymatic 
decomposition of hydrogen peroxide. Systems containing both crude and 
purified catalase were found to be accelerated by the extracts. ‘The extraet 
Was partially purified, with concentration of its activity, by treatment with 
norit charcoal at pH 6.2. The gasometric method of Perlmann and 
Lipmann (6) was more satisfactory for demonstration of the acceleration of 
catalase by the extracts, since it eliminated the necessity tor the blank 
corrections required because of the reaction between permanganate and 
the extract in the titrimetric procedure. The acceleration of hydrogen 
peroxide decomposition was shown by the acceleration ot oxvgen evolution. 
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1I6-SUBSTITUTED STEROIDS 
IV. 16-KETO-a-ESTRADIOL AND 16-KETOESTRONE 


By MAX N. HUFFMAN* anno MARY HARRIET LOTT 
(From the Department of Biochemistry, Southwestern Medical College, Dallas) 


(Received for publication, October 17, 1947) 


In 1942 one of us (1) submitted 16-oximinoestrone to reduction with zine 
and aqueous acetic acid and obtained an a-ketol which was at first sup- 
posed to be one of the two theoretically possible 16-hydroxyestrones. 
Subsequent work (2), however, indicates beyond reasonable doubt that a 
ketol which results on the zinc-acetic acid reduction of a 16-oximino-17- 
ketosteroid (Stodola reduction! (3)) is actually a 16-keto-17(a@)-hydroxy- 
steroid. Detailed structural considerations are reserved for subsequent 
treatment, it being the purpose here only to describe preparation and 
characterization. 

Because of the interest (4, 1,5) in the possibility that 16-ketoestrone and 
16-keto-a@-estradiol may be intermediates along the normal (or abnormal) 
metabolic pathway of the estrogenic hormones, it seemed of importance to 
present a careful report on the syntheses of these two steroids in order that 
they might become accessible to all interested mvestigators. 

16-Keto-a-estradiol (Illa) results on the zinc-acetic acid reduction ot 
either 16-oximinoestrone (Ila) or of 16-ketoestrone (1V). This a-ketol 
forms, in nearly quantitative amount, a characteristic monooxime. On 
treatment with benzoyl chloride in the Schotten-Baumann method it 
vields a 3-monobenzoate. On treatment with benzyl chloride in the 
Claisen procedure there is obtained a 3-benzy! ether? (I11b) which is identi- 
eal with the a@-ketol furnished by the Stodola reduction ot 16-oximino- 
estrone 3-benzyl ether (IIb). In our hands 16-keto-@-estradiol yielded no 
precipitate with digitonin. 

By following closely the method (6) recently described for the prepara- 
tion of 16-ketoestrone 3-methyl ether it is possible to obtain, from 16- 


* A portion of the research presented in this paper was performed by one of us 
while a National Research Council Fellow in the Medical Sciences (1941-42) at the 
Department of Biochemistry, College of Physicians and Surgeons, Columbia Uni- 
versity. Another portion was done at the United States Standard Products Com- 
pany, Woodworth, Wisconsin. 

1 The term Stodola reduction is here applied to the reduction of any 16-oximino- 
17-ketosteroid with zinc and acetic acid. In this reaction, originally applied by 
Stodola et al. (3), there is curiously produced no amine, but an a-ketol instead. 

? The methyl! ether melting at 174-177° and its oxime melting at 175-177°, as origin- 
ally cited (1), are not now believed to represent homogeneous substances. 
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oximinoestrone, 16-ketoestrone (LV) with the phenolic hydroxy! unsubsti- 
tuted. We found, however, that the free phenol is much more soluble in 
the acid reaction mixture, thus necessitating the introduction of a salting- 
out procedure to obtain the dione in crystalline form. 16-etoestrone was 
characterized as the dimethoxime and the dioxime. Upon reduction with 
zine-acetic acid, vellow 16-ketoestrone vields white 16-keto-a-estradiol 
(1Ila) which in turn gives only a monooxime upon treatment with excess 
hydroxylamine acetate. The dioximes formed by the oximation of 16- 
oximinoestrone and by the direct oximation of 16-ketoestrone are identical. 
Both dioximes furnish a greenish yellow-colored complex with cupric ion. 
This color reaction may be of possible utility in the detection of 16-keto- 
estrone in tissue or fluid, should it be present as postulated by Marrian 
(4), 

Estrone is transformed, in 93 per cent yield, to estrone 3-benzoate of 
sufficient purity for subsequent nitrosation (7). Such estrone benzoate 
vields 80 per cent crude 16-oximinoestrone (7) which may be purified with 
20 per cent loss. 16-Keto-a-estradiol of acceptable quality may ordinarily 
be obtained from pure 16-oximinoestrone in a yield of 75 per cent. From 
pure 16-oximinoestrone the yellow dione, 16-ketoestrone, is procured. in 
yields of 60 per cent of the theoretical amount. ‘Therefore, in these partial 
syntheses from estrone, the commonly obtainable over-all vields of 16- 
keto-a-estradiol and of 16-ketoestrone are 45 and 36 per cent respectively. 
The highest vield of crude 16-oximinoestrone from estrone benzoate ever 
observed was 96 per cent (7), and good quality 16-keto-a-estradiol was 
once obtained from pure 16-oximinoestrone in 90 per cent yield. Reeal- 
culated on the basis of these unusual yields, the over-all percentages for 
16-keto-a-estradiol and 16-ketoestrone would rise to 63 and 42 respectively. 
These latter figures are of interest in serving to indicate possible maxima. 


EXPERIMENTAL® 


Reduction of 16-Oximinoestrone to 16-Keto-a-cstradiol— Pure 16-oximino- 
estrone (Ila) (0.61 gm.) was covered with 20 ec. of water, and to the mix- 
ture 1.6 gm. of zine dust plus 20 cc. of acetic acid were added. The mixture 
was swirled over a free flame until solution of the steroid had become com- 
plete; the solution was then refluxed over the zine for a period of 1 hour, 
allowed to cool somewhat, and decanted. The zine was twice rinsed with 
3 ee. portions of acetic acid and the combined acetic acid solutions diluted 
with several volumes of water. After a day’s standing at room temperature 
the resulting white crystals were filtered, washed with water, and dried in 
the oven (vield, 0.55 gm.). A subsequent recrystallization from 60 ec. of 
50 per cent acetic acid (ice box) gave 0.44 gm. of a-ketol (I]la) melting at 


3 All melting points reported are uncorrected. 
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932.5-234° (turning orange in color at the melting point‘). Another re- 
erystallization from 50 per cent acetic acid gave white plates in fan-shaped 
| elusters which melted at 234—237° to an orange liquid. This melting point 
was not influenced by further crystallization from aqueous acetic acid. 


Analysis 11203. Calculated. C 75.49, H 7.75 
| Found. 
| la} p= —102° (27.24 mg. in 5.00 ce. of ethanol) 
We once obtained from 0.50 gm. of pure 16-oximinoestrone 0.43 gm. of 


16-keto-a-estradiol melting at 231-233.5° with color change. The yield 


CH, O CH; O 
AN 


| 
Ia, R = H: Ib, R = CH;—C,H; Ila, R = H; IIb, R = CH.—CeH; 


| CH, OU CH, O 
| | | 


R HO 


IIIa, R = H; IIIb, R = CH,—-C,H; (IV) 


in this reaction is usually, however, in the neighborhood of 75 per cent of 
the theoretical amount. 

Attempted Digitonide Formation with 16-Keto-a-cstradiol—To 18.6 mg. ot 
| pure 16-keto-a-estradiol were added 1.0 cc. of 80 per cent ethanol and 8.0 
ec. of a saturated solution of digitonin in SO per cent ethanol. The mixture 
was warmed gently to effect solution of the steroid and then stoppered and 
allowed to remain at room temperature. No precipitation had occurred 
in this solution aiter a period of 14 days. 

16-Keto-a-estradiol Oxime—A solution of 45 mg. of pure 16-keto-a- 
) estradiol (IIIa), 50 mg. of hydroxylamine hydrochloride, and 100 mg. of 
* All 16-keto-17(a@)-hydroxysteroids so far examined which melt in the neighbor- 


hood of 200° or more have been observed to turn a yellow or orange color at the melt- 
ing point. 
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crystalline sodium acetate in 4.5 ec. of ethanol plus 0.5 cc. of water was 
refluxed gently on the steam bath for 2 hours. Water (10 cc.) was then 
added, the reflux condenser removed, and boiling continued until crystalli- 
zation had commenced. Crystallization was allowed to continue in the ice 
box. The yield of oxime was 45 mg. (m.p. 220-221°, with decomposition), 
After treatment with charcoal and recrystallization from aqueous methanol 
the melting point rose to 224.5-225°, with decomposition (yield, 32 mg.). 


Analysis—C,sH2;0;N. Calculated, N 4.65; found, N 4.61 


16-Keto-a-estradiol 3-Monobenzoate—16-Keto-a-estradiol (44 mg.) was 
dissolved rapidly in 30 ce. of cold 0.5 N sodium hydroxide and 0.5 cc. re- 
distilled benzoy] chloride was added at once. The stoppered mixture was 
shaken well for 15 minutes and allowed to remain at room temperature 
overnight. The precipitated benzoate was then filtered, washed with 
dilute sodium hydroxide, washed with water, and then dried in the desic- 
cator. After crystallization from 25 cc. of methanol (plus 3 drops of acetic 
acid) 30 mg. of crystals melting at 234.5-236° (turning orange in color) 
were obtained. Treatment with charcoal and recrystallization from 
acetone yielded 16 mg. of monobenzoate melting at 241.5-245.5° (orange 
color). 
Analysis—C2sH2O,. Calculated. C 76.90, H 6.71 
Found. ‘* 76.57, ** 6.83 


Nitrosation of Estrone 3-Benzyl Ether—-Vstrone 3-benzyl ether was 
1itrosated by the method (8) previously described for the 3-methy1] ether. 
The yield of crude 16-oximinosteroid (m.p. 163-165°, with decomposition ) 
was 70 per cent. Subsequent recrystallization, once from methanol, twice 
from chloroform-ethanol, and once from ethanol with the use of charcoal, 
vielded fine, very pale vellow needles which decomposed at 193.5-195.5° 


(lib). 


Calculated. N 3.60 
Found. (a) 3.51 
(6) ** 3.55 


16-Keto-a-cestradiol 3-Benzyl Ether—TVo 395 mg. of crude 16-oximino- 
estrone 3-benzyl ether (IIb) and 13 cc. of water 1.5 gm. of zine dust and 
26 ec. of acetic acid were added. The mixture was refluxed for SO minutes, 
and the supernatant fluid at once decanted from the zine, the latter being 
washed twice with 6 ce. portions of acetic acid. To the combined acetic 
acid solution 25 ec. of water were added and the crystallization allowed to 
take place during 24 hours. Tiny white needles (352 mg.) were obtained. 
These melted at 192-195° (yellow color). Another crystallization from 
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aqueous acetic acid raised the melting point to 196-198.5° (yellow color). 
Treatment with charcoal and recrystallization from aqueous acetone did 
not improve this melting point® (IIIb). 


Calculated. C 79.75, H 
Found. (a) ‘* 79.72, ‘* 7.47 
(6) ‘* 79.62, ** 7.40 


Benzylation of 16-Kcto-a-estradiol—A solution of 399 mg. of pure 16-keto- 
a-estradiol and 0.80 cc. of benzyl chloride in 20 cc. ot ethanol was refluxed 
over 0.90 gm. ot anhydrous potassium carbonate (steam bath). Potassium 
chloride soon commenced to precipitate. After a total of 1.5 hours reflux- 
ing, water (5 cc.) was then added to the reaction mixture and the latter 
allowed to stand overnight in the ice box. Fine, white crystals (473 mg.) 
were obtained. On recrystallization from 50 ec. of acetic acid plus 15 ce. 
of water, 416 mg. of tiny white needles melting at 195-197° (yellow color) 
were obtained. ‘These gave no melting point depression with the 16-keto- 
a-estradiol 3-benzyl ether (IIIb) obtained in the preceding section. 

Acetylation of 16-Keto-a-estradiol 3-Benzyl Ether—TVo 0.387 gm. of pure 
16-keto-a-estradiol 3-benzyl ether dissolved in 5 ce. of dry pyridine, 3 cc. of 
acetic anhydride were added. ‘The two phases were mixed well and allowed 
to remain 24 hours at room temperature with occasional swirling. ‘The 
steroid acetate Was then precipitated by the aid of 200 ce. of ice-cold water. 
After several hours in the ice box, the acetate was filtered and washed copi- 
ously with water. <A reerystallization from aqueous acetone-ethanol gave 
0.38 gm. of jelt-like needles melting at 141°. 


Analysis—C2;H Calculated. C 77 7.23 
Found. (a) ‘** 77.50, ** 7.23 
(6) 77 7.16 

16-Kelocstrone— Vo 500 mg. of pure 16-oximinoestrone (11a) and 5.0 gm. 
of anhydrous sodium sulfite, 20 cc. of acetic acid were added. This mix- 
ture was heated on the steam bath for 15 minutes with frequent stirring, 
and then diluted with 5 ce. of water. Heating was continued tor 45 minutes 
longer with almost continuous stirring. <Aiter having been cooled to room 
temperature the mixture Was transferred to a separatory funnel with the 
aid of 200 ec. of 3 per cent sodium bisulfite. The clear aqueous phase was 
shaken with 250 ec. of peroxide-tree ethyl ether and separated. The ether 
phase was extracted again with 50 ce. of 3 per cent sodium bisulfite. To 
the combined bisulfite phases 30 cc. of concentrated hydrochloric acid and 
‘Several samples of 16-keto-a-estradiol 3-benzy] ether melting at 200° have been 


encountered. It is possible that the rapidity of temperature rise in the melting point 
bath is here a factor. 
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a few small chips of porous plate were added. The acidified solution was 
heated on the steam bath with almost continuous swirling until ebullition 
from the porous stones had ceased. Immediately 50 gm. of pure sodium 
chloride (fine crystals) were added and heating continued for 15 minutes 
longer with frequent swirling. The mixture was allowed to cool to room 
temperature and remain so overnight. After filtration, copious washing 
with water, and drying in the desiccator, 284 mg. of microscopic yellow 
crystals were obtained. ‘These sintered at 223° and melted, with decom- 
position, at 231-235°. Of this material, 100 mg. were made into the 
bisulfite addition compound and then hydrolyzed to give 66 mg. of pale 
vellow erystals (microscopic) decomposing at 234-238° (1V), 


Calculated. C 76.03, HE 7.09 
Found. (a) ‘* 75.39, ** 7.13 
(ob) 75.34, 7.09 


Reduction of 16-hKetoestrone to 16-Keto-a-estradiol—A0OO me. of 16-keto- 
estrone (m.p. 233-236°, with decomposition) (IV) were covered with 40 ee. 
of 50 per cent acetic acid and a small spatula edge of zine dust was added. 
The mixture was heated on the steam bath with swirling, and more zine 
added as the yellow color of dissolved dione appeared. After the steroid had 
been totally dissolved, zinc dust was added until the solution could not be 
further decolorized. The supernatant fluid was decanted from the zinc, the 
latter washed twice with small portions of acetic acid, and the combined 
acid portions diluted with 8 volumes of water. After having been allowed 
to crystallize overnight (room temperature), the white crystals were filtered 
and washed well with water. The yield, after drying, was 360 mg. The 
crude a-ketol was recrystallized from aqueous acetic acid to give 288 mg. 
of material melting at 233.5-235.5° (orange color) (IIIa). This melting 
point was not depressed after admixture with 16-keto-a-estradiol obtained 
by the Stodola reduction. 

Oximation of this a-ketol (40 mg. of ketol, 60 mg. of hydroxylamine 
hydrochloride, 120 mg. of crystalline sodium acetate) gave 32 mg. of oxime 
decomposing at 221—222°. 

16-Ketoestrone Dimethoxime—A9 mg. of 16-ketoestrone (m.p. 231—235°, 
with decomposition) were covered with 2.00 ce. of ethanol containing 75 
mg. of methoxylamine hydrochloride and then 0.50 cc. of aqueous sodium 
acetate (= 134 mg. of NaOAc-3H.O) was added. This mixture was 
diluted with 3 cc. of ethanol and left 1 hour at room temperature with 
frequent swirling. The solution was then refluxed for 1 hour, diluted with 
5 ec. of water, and distilled to turbidity. After 2 days in the ice box, the 
dimethoxime was filtered and recrystallized from aqueous methanol; 
vield, 52 mg. melting at 197.5-198.5°. Reerystallization from absolute 
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methanol yielded 35 mg. of flat needles with only a faint touch of yellow 
color; these melted at 204—205° with decomposition. 


Calculated. N 8.18 
Found. (a) ‘* 8.12 
(b) ** 8.01 


Oximation of 16-Oximinoestrone—To a mixture of 46 mg. of pure 16- 
oximinoestrone, 100 mg. of hydroxylamine hydrochloride, and 200 mg. of 
erystalline sodium acetate were added 5.0 ce. of ethanol and 1.0 ec. of water. 
The mixture was refluxed 1 hour, treated with charcoal, diluted with 20 ce. 
of water, and heated on the steam bath until aleohol ceased to distil over. 
The ervstalline dioxime, after having been allowed to stand for several 
hours at room temperature, was filtered, washed well with water, and dried 
in the desiccator. The dried dioxime weighed 42 mg. and decomposed at 
217-218”. 


Analysis—C Calculated, N 8.91; found, N 8.65 


The most characteristic property of this dioxime is the colored complex 
which it gives with cupric ion. No colored complex is obtained with 
nickelous or cobaltous ion. To obtain the color reaction the dioxime is 
first dissolved in a small amount of aleohol and the alcoholic solution 
diluted with a very weak aqueous solution of cupric acetate. A yellowish 
green color formation results, and this color is much more intense than the 
original very faint blue of the copper. 

Occasionally a higher melting form of 16-ketoestrone dioxime is encoun- 
tered. We have not been able to obtain it with consistency and do not 
know the exact procedure to employ to procure it. This crystalline modifi- 
‘ation melts at 230-231° with decomposition. It gives the same color 

action with cupric ion, and is therefore considered to be a crystalline 
modification rather than a geometric isomer of the dioxime decomposing 
at 217-218”. 


Analysis Calculated, N 8.91; found, N 8.73 


Orimation of 16-Ketoestrone—A solution of 66 mg. of hydroxylamine 
hydrochloride in 5.0 ee. of ethanol was added to 40.7 mg. of 16-ketoestrone 
(m.p. 231-235°, with decomposition), and at once 1.0 ec. of aqueous sodium 
acetate (<= 66 mg. of NaOAec-31H.0) was mixed in. Solution was rapidly 
effected, and the reaction mixture was then left 4 hours at room tempera- 
ture. The solution was next refluxed mildly tor 1.5 hours, diluted with 
5ee. of water and ethanol was distilled off until erystallization in the hot 
solution had commenced. The white ervstals, filtered after a day at room 
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temperature, were treated with charcoal and recrystallized once from 
aqueous ethanol and once from aqueous propanol. The yield was 39 mg. 
melting at 218-219° with decomposition. Two subsequent recrystalliza- 
tions from aqueous methanol did not raise this melting point. 


Calculated. N 8.91 
Found. (a) ‘ 8.84 
| (o> * 8.72 


This dioxime gave the color reaction with cupric ion as described in the 
preceding section. It showed no depression of melting point after admix- 
ture with the dioxime (lower melting form) prepared by oximation of 16- 
oximinoestrone. 


SUMMARY 


The partial syntheses of 16-keto-a-estradiol and of 16-ketoestrone are 
described in detail. The characterization of these two substances js 
described. 

From estrone, 16-keto-a-estradiol may be prepared in 45 per cent and 
16-ketoestrone in 36 per cent yields. 


The authors wish to express their indebtedness to the United States 
Standard Products Company, Woodworth, Wisconsin, for financial aid in 
support of this research. They also wish to thank Mr. William Saschek 
and Dr. E. W. D. Huffman for the microanalyses reported in this paper. 

The senior author desires especially to extend his appreciation to Profes- 
sor Hans T. Clarke, College of Physicians and Surgeons, Columbia Uni- 
versity, New York, under whose counsel this research was first commenced. 
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METABOLISM OF SODIUM SELENATE AND SELENITE 
BY THE TISSU ES* 
By IRENE ROSENFELD anp O. A. BEATH 
(From the Department of Research Chemistry, University of Wyoming, Laramie) 


(Received for publication, October 21, 1947) 


Various workers investigating the toxic action of selenium postulated 
that changes in the forms of selenium occur in the animal. The mecha- 
nism whereby the selenium is changed by the tissues has been the subject 
of speculation, but no experimental evidence has been reported up to the 
present time. 

Hofmeister (1) has reported that the salts of selenium and tellurium are 
reduced to metallic form in the body; afterwards methyl compounds are 
formed and these volatile compounds are eliminated by the lung. Chal- 
lenger (2) pointed out that “this conclusion lacks experimental verification.” 
Schultz and Lewis (3) studied the elimination of volatile selenium by the 
respiratory system when sodium selenite was injected subcutaneously. 
They reported that within 8 hours from 17 to 52 per cent of the injected 
selenium was eliminated as a volatile compound which could be absorbed 
by concentrated sulfurie acid. The respiratory excretion of the volatile 
compounds was not increased by increasing the potential source of methyl 
groups by methionine or choline chloride. McConnell (4), in time-excre- 
tion studies of exhaled sclenium after the subcutaneous injection of radio- 
active selenium in the form of selenate, found that 3 to 10 per cent of the 
original dose was exhaled during the first 6 hours. Potter (5) investigating 
the action of various compounds, among them sodium selenate and selenite, 
on yeast respiration in a glucose substrate observed that with selenite the 
inhibition began at once, while with selenate the oxygen uptake was re- 
duced only at the end of 2 hours. Potter and Elvehjem (6) studying the 
succinoxidase as it occurs in chick tissues found that the enzyme system 
was inhibited by evanide, sodium selenite, and sodium arsenite, while 
sodium fluoride, sodium selenate, and arsenate were relatively non-toxic 
at the end of | hour. They suggested that the selenate must be reduced 
tos lenite by tissues before any toxicity results. 

A survey of the literature reveals ro experimental evidence on the site 
of conversion of sclerate to selerite, formation of volatile selenium, or 
reduction to elemental selenium. These changes have been postulated, 
but up to the present time no experiments have been made with organs 
taking part in these trarsformatiors. 

In our studies in investigating the physiological action of selenate and 


* Approved for publication by the Director of the Experiment Station. 
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selenite on isolated guinea pig intestine, we observed that 75 parts per 
million of selenate did not interfere with the normal function of this tissue, 
while 8 parts per million of selenite completely inhibited the intestinal 
motility. These experiments indicated that selenate was an atoxic form, 
at least to the intestine, and that selenite was the toxic form of selenium 
which could inhibit the normal function of the intestine. If the selenate 
is converted into selenite before it can exert its toxic effect the site of con- 
version is not isolated intestine. Details of these experiments will be pub- 
lished in another report. In order to get some evidence on the metabolism 
of sodium selenate and selenite, we attempted to study the effect of various 
fresh tissues and autoclaved liver tissue on these compounds. In this 
report we present the results of these experiments. 


EXPERIMENTAL 


Fresh beef liver, spleen, and blood were used in the experiments, since 
these organs in animal poisoning have a high concentration of selenium 
(7). Each experiment was repeated three times, and the results given are 
the closest agreement of two experiments. The tissues were used 30 
minutes after the animals were slaughtered. If the tissues were kept 
longer, there was considerable variation in their action on selenate and sele- 
nite. Tissues of other animals, such as sheep, guinea pigs, and rats, showed 
considerable difference in their action on selenate and selenite. It is known 
that different species of animals show variations in susceptibility to the 
toxic action of selenium. In order to investigate the observed differences 
in the physiological action of selenate and selenite on guinea pig intestine, 
we have included this organ also in our study. We have observed some 
variations in the results by changing the temperature, but our report deals 
only with the results obtained at room temperature. 

In each experiment we used 20 gm. of tissues and 5 cc. of saline solution 
containing 5 mg. of sodium selenate and selenite selenium. 

The method of procedure and scheme of fractionation are presented in the 
accompanying diagram. 

Macerated tissue; 5 mg. of selenate or selenite selenium, 25 cc. saline, mixed fre- 


quently; room temperature for 2 hours 
Supernatant liquid decanted 


Tissues washed repeatedly with 10 ec. saline -stissue washed free of selenium, 
Total volume of 100 ec. collected and divided into 2 parts 
Washing centrifuged Part 1, dried at 70°, analyzed 
1 hr. at 1500 Rp. for elemental selenium, total 
r se'enium 
Sediment dried at 70° Supernatant liquid Part 2, fresh, analyzed for total 
Analyzed for elemen- 20 ec. analyzed for selenium 
tal selenium, total selenate selenium, 
selenium selenite selenium, 


total selenium 
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The first results with the liver indicated that there was a considerable 
loss of selenium when selenite salt was in contact with the tissues and less 
with selenate. Since each fraction of the tissue and supernatant liquid was 
analyzed, we concluded that this loss was due to volatile selenium. 
Therefore, we inserted several absorption flasks, using procedures similar 
to that of McConnell (4) or Schultz and Lewis (3) but with some variation 
in the absorbents used. We used the following absorbents: hydrobromic 
acid followed by water, sulfuric and nitric acids and sodium hydroxide, 
or only sulfuric and nitric acids. These modifications were instituted when 
we became aware that the recovery of volatile selenium was not quantita- 
tive. 

Analysis ior selenate, selenite, and elemental selenium was carried out 
according to Lyers et al. (8). Determinations of total selenium and of 
volatile selenium, determined as total selenium, were carried out according 
to the method of Kline (9). 


Results 


Effects of Liver Tissue,on Selenate and Selenite—Changes in the form of 
selenium occurred when sodium selenate and selenite were in contact with 
fresh liver tissue. ‘Table | gives the results obtained. 26 per cent of the 
original selenate was converted to selenite, indicating that the liver is a site 
where reduction from selenate to selenite takes place. Calculated on the 
basis of the selenium added, 17 per cent of selenate and 31 per cent of 
selenite were changed to volatile selenium. In the selenate experiments we 
have recovered an average of 5 per cent and in the selenite an average of 
15 per cent of volatile selenium. In experiments in vivo, with the same 
absorbents, other workers were able to recover larger amounts of volatile 
selenium. ‘The only explanation we have for the lower values in our exper- 
iments is that the forms of volatile selenium in vitro may be different from 
those formed in vivo. 

Selenite was reduced to elemental selenium by the liver; part of this was 
present in the centrifuged sediment and part in the tissues. No reduction 
of selenate to elemental selenium took place under our present experimental 
conditions with liver. 

In addition to the reduction of selenate to selenite, and volatile sele- 
nium, in the supernatant liquid, ‘‘combined selenium” was present, as can 
be seen from the results. Evidence for a ‘“‘combined selenium”’ is the fact 
that the total selenium content of the supernatant liquid was always greater 
than the sum of the selenate and selenite selenium contained therein. This 
difference in selenium values is called “combined selenium”’ in our tables. 
Whether this selenium was in colloidal or organic form combined with the 
water-soluble proteins, we cannot state at the present time. 

In order to investigate the factors responsible for the changes in the forms 
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of selenium by the fresh tissues, we have studied the effect of autoclaved 
liver on selenite and selenate. The results of the experiments, given jn 
Table II, indicate that only fresh tissue has the property of decomposing 
the selenate to selenite and converting the selenite into elemental and vola- 


TABLE I 


Chemical Decomposition of Sodium Selenate and Selenite in Contact with 
Fresh Beef Liver for 2 Hours at Room Temperature 


| Form of Se recovered from | 
Sele | Ele | | covered 
Setenite| nate | mental | Total | 
per ceni per cent per per ceni | per cent | per cent 
Sodium Supernatant liquid 26.0 | 23.4) 0 | 49.8 | 0.4 
selenate | Centrifuged sediment from | | @ | 3.6 
supernatant liquid | | | 
Macerated liver | | O | 28.9 5.0 
Sodium Supernatant liquid 4.05 | | 33.7 | 29.7 
selenite Centrifuged sediment from | | 3.6 | 9.7 | | 
supernatant liquid | | | | 
Macerated liver | | | 4.9 | 26.3 | 15.0 


*Combined selenium = total Se — (selenate + selenite). 


II 
Effect of Autoclaved Liver on Sodium Sclenate and Selenite 


—-- 


— 


| Form of Se from various 
Form of Se added Se recovered from 
| Selenite Selenate Total 
per cent per cent per ceni 
Sodium selenate | Supernatant liquid | 0 $5.7 85.0 
Centrifuged sediment from | | 11.5 
supernatant liquid | 
Macerated liver 2.5 
4 selenite | Supernatant liquid 20) 0 20.2 
Centrifuged sediment from the 33.6 
supernatant liquid 
| Macerated liver | 46.3 


* Elemental, none. 


tile selenium. We have found that selenite has a greater affinity for tissues 
than selenate whether it is in contact with fresh or autoclaved tissue. This 
affinity of selenite for the tissues may account for its instability, rapid vola- 
tilization, and reduction to elemental selenium when it is in contact with 
fresh tissue. The factor or factors which accomplish the decomposition of 
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selenate and selenite are heat-labile, since the forms of selenium added were 
not altered by the autoclaved tissue. Perhaps the factors resporsible for 
the changes are enzymatic in nature. 

Effect of Blood on Sodium Selenate and Selenite—Since blood contains 
large amounts of selenium during selenium poisoning, we studied the effect 
of freshly drawn beef blood on selenite and selenate selenium. The method 
of procedure was the same as that outlined previously. 


TaBLe III 


Chemical Changes in Sodium Selenate and Selenite in Contact with 
Beef Blood at Room Temperature for 2 Hours 


| | Form of Se recovered from : 
Form of Tissue used Se recovered from bined 
ome Sele | Sele | Ele- Se® | covered 
nite | nate | mental Total 
per per per per per per 
cent cent cent cent cent 
Sodium | Whole blood, Supernatant liquid | 6.3 | 66.0 | 0 95.3} 23.0 
sele- 
nate 
Centrifuged red 0 3.2 0.6 
blood cells 
Red blood Supernatant liquid 91.3} 10.5 
cells 
Red blood cells 0 8.2 
Plasma Supernatant liquid | 4.8 | 36.6 97.0} 55.6 | 2.4 
Sodium | Whole blood) Supernatant liquid | 9.1 $4.1} 75.0} 1.2 
sele- 
nite 
Red blood cells 0.9 | 14.7 
Red blood | Supernatant liquid | 56.0 0 87.1) 31.1 
cells 
Red blood cells 0.7 | 12.4 
Plasma Supernatant liquid | 5.3 0 93.0} 87.7 | 2.0 


* Combined sclenium = total selenium — (selenate + selenite). 


After incubation of the whole blood and blood cells with selenite, con- 
siderable hemolysis of the cells occurred, while selenate did not affect the 
cells. Results of the experiments are given in Table II]. The whole blood 
reduced the selenate to selenite, but the amount of selenite formed was 
considerably less than with liver. However, ‘combined selenium” was 
higher than that observed in the liver experiments. 

In order to study the part of the blood responsible for the reduction of 
selenate, we tested the red blood cells and plasma separately with this com- 
pound. The results indicate that the plasma has the ability to reduce the 
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selenate to selenite and volatile selenium, and to change the form of selen- 
ium, since 55.6 per cent of selenium recovered was ‘‘combined selenium.” 
The red blood cells did not convert the selenate to selenite and only 105 
per cent of “combined selenium” was recovered. 

Similar experiments with the selenite were carried out, the results of 
which are also given in Table II]. The selenite was reduced to elemental 
selenium by whole blood and by the red blood cells, while the plasma caused 
no reduction. The distribution of selenite in the supernatant liquid with 
whole blood, plasma, and red blood cells showed considerable variation. 
Small amounts of selenite remained in the supernatant liquid with whole 


TABLE IV 


Chemical Changes in Sodium Selenate and Selenite in Contact with 
Beef Spleen at Room Temperature for 2 Hours 


Form of Se neswwened from 
per cenit | per ceni per ceni per cen! per cent | per cen: 
Sodium Supernatant liquid 18.3 | 42.4) 0 2.7 2.0 | 
selenate | | 
Centrifuged sediment from 0 2.6 | | 
supernatant liquid 
Macerated spleen 0.8 | 22.1 4.2 
Sodium Supernatant liquid 5.0 24.2; 19.2 
selenite | 
Centrifuged sediment from | 
supernatant liquid | | 
Macerated spleen | | 19.5 | 47.3 6.7 


* Combined selenium = total Se — (selenate + selenite). 


blood and plasma, while with the red blood cells 56 per cent of the selenite 
was unchanged. The supernatant liquid of the whole blood, red blood 
cells, and plasma contained ‘‘combined selenium.”” The amounts present 
were as follows: whole blood, 75.0 per cent; red blood cells, 31.1 per cent; 
plasma, 87.7 per cent. 

Effect of Spleen on Sodium Selenate and Selenite—The sequence of changes 
when selenate and selenite were in contact with beef spleen was similar to 
that observed with the liver, as can be seen from Table [V. This was the 
only tissue in which we have obtained elemental selenium when we started 
with selenate. Although the amount was small, it is an indication that 
after selenite is formed from selenate reduction to elemental selenium can 
take place. 
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Treating the spleen with selenite selenium, we obtained 19.5 per cent of 
elemental selenium. Reduction of selenite to the elemental form with this 
tissue Was greater than with any of the other tissues tested. 

Only 5 per cent of selenite, the form added, was present; the remainder 
was either in combination with tissue proteins or was converted into volatile 
selenium. 

Effect of Guinea Pig Intestine on Sodium Selenate and Selenite—According 
to our observation, selenite and selenate showed remarkable differences in 
their physiological action on guinea pig intestines. Using the same method 
as in the previous experiments, we have investigated the effect of this organ 
on sodium selenate and selenite. 

The results of these experiments are given in Table V. It is interesting 
to note that the guinea pig intestine did not produce any changes in the 
form of selenium added, except the attachment of selenium to the tissue. 


TABLE V 
Effect of Fresh Guinea Pig Intestine on Sodium Selenate and Selenite * 
| Form of Se recovered* from 
Form of Se added Se recovered from various fractions 

Selenite Selenate Total 
ay per cent per cent per cent 
Sodium selenate Supernatant liquid 0 89.5 90.2 
Guinea pig intestine 10.4 

selenite Supernatant liquid 66.3 0 67.2 
Guinea pig intestine 33.6 


* Elemental, none. 


With this tissue as in the previous experiments the selenite showed a greater 
affinity than the selenate for the tissue. These results indicate that the 
difference in the physiological action of selenate on guinea pig intestine was 
due to the failure of this organ to change the selenate to selenite. 


DISCUSSION 


It is apparent from the data presented here that fresh beef liver, spleen, 
whole blood, and plasma change the forms of selenium in vitro, while auto- 
claved liver and fresh guinea pig intestine do not produce similar changes. 
The red blood cells produce changes by forming ‘“‘combined selenium”? when 
selenate or selenite is added. These results suggest that the fresh guinea 
pig intestine does not contain the necessary factor or factors (enzymes) to 
decompose the selenium in vitro. The factor or factors (enzymes) in the 
liver which decompose the selenite are heat-labile, since autoclaving the 
tissue destroys the substances which brought on the decomposition of the 
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compounds. Selenate is converted into selenite by various fresh tissues, = m 
These tissues show a great deal of variation in their ability to change the —t 
selenate to selenite. The highest activity is shown by the liver, followed | m 
by spleen, whole blood, and plasma. The red blood cells are unable to — 
change selenate to selenite. ‘The attachment of selenite to tissue proteins 

is evidenced from the results. Only a small amount of selenite was re. 


covered from the supernatant fluid as selenite; the larger amounts were jn sv 
the centrifuged sediment or tissues, or they combined with the soluble pro- al 
teins and were recovered as sclenium.” 


The distribution of the sclenate and selenite aiter contact with the various | al 
tissues shows some variations, but the trend appears to be similar. These 


experiments indicate that the metabolism of selenate and selenite is similar, ef 
but the amount of volatile selenium formed from the selenite is much greater lr 
than from selenate. This may explain the differences in the results ob- a 
tained by Schultz and Lewis (3) and MeCennell (4) in their studies on the | ne 


respiratory elimination of volatile selenium. The former used seler ite and 
obtaifed 17 to 52 per cent volatile selenium and the latter used selenate and re 
obtained 3 to 10 per cent of volatile selenium. The amount of volatile b 
- selenium formed by the addition of selenite and selenate to the liver tissue: si 
approximates the amounts reported im vivo. However, the total volatile 
selenium in all the organs studied was higher than reported by these work- 
ers. We must take into consideration that in in vivo experiments the vola- 
tile substances are transported by the blood and that considerable changes | se 
may occur in the volatile substances. is 

Wright (10) in studying the effect of sodium sclenate and selenite on 
oxygen consumption of mammalian tissues observed that a higher concen- 
tration of selenate than selenite was necessary for equivalent depression. 
He observed that brain slices were little affected by selenate, while the | 
oxygen uptake of liver slices was altered by a lower concentration. Kidney 
and muscle were slightly more sensitive than brain but less so than liver. 
Interpreting his results on the basis of our present observations would indi- 
cate that the addition of selenate to liver tissue, which in our experiment 
was able to convert the selenate into selenite, would interfere with the 
oxygen consumption. Aiter conversion occurred, the effect would be the , 
same as that of equivalent amounts of selenite. Selenite depressed the rate , 
of oxygen consumption in all of the tissues studied. This fact suggests 1 
that the toxicity of selenate to the tissue may depend upon the ability of» 
the tissues to convert the selenate into selenite. 

The sequence of transformation by the various tissues indicates that the 
decomposition of selenium follows a definite pattern, from selenate to selen- | 
ite, “combined selenium,” and volatile and elemental selenium. ‘There is 
a possibility that 7n vivo the reactions are reversible. Observations in ani- 
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mal poisoning seem to indicate this fact. Beath (11) observed that symp- 
toms of poisoning, due to the delayed action of selenium, occurred several 
months after the animals were removed from seleniferous areas. 


SUMMARY 


1. In tn vitro experiments we demonstrated that sodium selenate is con- 
verted into selenite and volatile selenium by beef liver, spleen, whole blood, 
and plasma. These tissues also convert the selenite to volatile selenium 
and reduce selenium to the elemental form. There are variations in the 
ability of the tissues to bring about these changes. 

2. Autoclaved beef liver and fresh guinea pig intestine are unable to 
effect any changes in selenate or selenite. ‘The factor or factorS present in 
liver which decompose selenium are heat-labile since they are destroyed by 
autoclaving. The fresh guinea pig intestine does not contain the factors 
necessary for the decomposition of the compounds studied. 

3. Decomposition of selenate and selenite follows a definite sequence of 
reactions. Some of the changes in the forms of selenium were determined 
by chemical means and others by the differences in the results obtained, 
since no methods at the present time are available for their determination. 

4. Recovery of volatile selenium was not quantitative with the absorb- 
ents used. 

5. On the basis of these experiments we have proved the postulation that 
selenate and selenite are changed by the tissues and the toxicity of selenate 
is due to its conversion to selenite by the tissues. 
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LETTERS TO THE EDITORS 


THE ROLE OF BICARBONATE IN THE GLUTAMIC ACID 
METABOLISM OF LACTOBACILLUS ARABINOSUS* 


Sirs: 


| In a study of glutamic acid metabolism, we have found that oxalacetate 
inhibits the growth of Lactobacillus arabinosus when the keto acid is added 
to the medium devised by Hac, Snell, and Williams.!. The inhibition is 


— 


dependent on the pH of the medium. At a concentration of 0.82 x 10-* 
u glutamic acid, 24 & 10-* M oxalacetate is required to inhibit completely 
at pH 5.7, whereas, at pH 7.7, only 6 K 10-* mM oxalacetate is needed during 
an incubation period of 20 hours. The inhibition is overcome by a 4-fold 
increase of glutamic acid (3.2 & 107M) or by a concentration of 7 X 10-5 
uglutamine. The effect of glutamine is not a matter of accelerated growth 
rate, since this is the same in the presence of glutamic acid, glutamine, or 
glutamine plus oxalacetate. It appears unlikely that oxalacetate itself 
is responsible for the growth inhibition, for the keto acid decomposes within 
afew hours® even in the absence of bacteria. Malonic acid, fumarie acid, 
a-ketoglutaric acid, a-hydroxyglutaric acid, citrie acid, succinie acid, or 
pyruvic acid does not inhibit bacterial growth at concentrations equivalent 
to those of oxalacetate. 

The inhibition appears to arise from the carbonic acid formed in the 
spontaneous breakdown of the oxalacetate; sodium bicarbonate in the 


same molar concentrations as oxalacetate inhibits bacterial growth. The 


inhibition is also dependent on pH: complete inhibition occurs at pH 7.4 
with 0.8 mg. of sodium bicarbonate per ml. (9.5 K 107% mM) and at pH 6.3 
with 2.8 to 3.6 mg. in the presence of 0.82 & 10-3 m glutamic acid. 

The bicarbonate appears to interfere with the transformation of glutamic 


acid to its amide, for the inhibition is overcome by a 3-fold increase of 


glutamic acid or by the addition of traces of glutamine (0.4 y per ml., 2.7 
l0-*m). The blocking of amidation by bicarbonate is probably of greater 


_ biological significance than the interference with glutamic acid metabolism 
at this stage by the sulfoxide derived from methionine? Since glutamine 


* This work was supported by grants from the Rockefeller Foundation and the New 


York Foundation. 


'Hac, L. R., Snell, E. E., and Williams, R. J., J. Biol. Chem., 159, 273 (1945). 

* Krebs, H. A., Biochem. J., 36, 303 (1942). 

*Waelsch, H., Owades, P., Miller, H. K., and Borek, E., J. Biol. Chem., 166, 273 
(1946). Borek, E., and Waelsch, H., Arch. Biochem., 14, 143 (1947). 
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does not undergo transamination,' the concentration of bicarbonate may be 
the determining factor in directing the utilization of glutamic acid either 
toward amidation or toward transamination. In turn, the concentration 
of carbon dioxide is regulated by the mechanisms of carbon dioxide fixation, 
one of the end-products of which is aspartic acid formed by transamination 
from glutamic acid. The lowering of the carbon dioxide concentration by 
this process may channel glutamic acid metabolism in the direction of amide 
formation, thus restricting the utilization of this amino acid for transamina- 
tion. 


Departments of Biochemistry WAELScH 
New York State Psychiatric Institute and the College of BLANCHE A. PReEscorr 
Physicians and Surgeons ERNEST BOREK 
Columbia University 
New York 


Received for publication, November 12, 1947 


‘ Braunstein, A. E., in Anson, M. L., and Edsall, J. T., Advances in protein 
chemistry, New York, 3, 1 (1947). 
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RATE OF PENETRATION OF ELECTROLYTES INTO 
NERVE-FIBERS 


Sirs: 


Among the many substances of interest in connection with permeability, 
which is one of the most essential factors in the function of living cells, 
ions play a particularly important role in the physicochemical mechanism 
of nerve activity. 

The permeability of the surface membranes to ions and their rate of 
penetration have been investigated with the aid of radioactive ions. Giant 
nerve-fibers of squid, as used previously for the study of the penetration of 
anticholinesterases,'’ were exposed for varying periods of time to artificial 
sea Water in which one of the normally occurring ions was replaced by the 
radioactive ions in equimolar concentration. After exposure, the axoplasm 
was extruded and the concentration of the radioactive ions determined with 
the aid of a Geiger counter. So far, K, Na, and Ca have been studied in 
this way. 

The concentration of KX in the axoplasm is 18 times as high as in sea 
water. On exposure to sea water containing radioactive K* in the usual 
concentration (0.013 mM), a high rate of penetration against the gradient 
was found. Within 60 minutes the radioactive K inside was about twice 
as high as outside. With a K concentration outside about twice normal, 
the rate of penetration was approximately doubled. The rate remained 
relatively high throughout the observation period (100 minutes), although 
it was highest in the beginning and decreased slowly and continuously. 

The concentration of Na is very low in the axoplasm, whereas it is high 
in sea water (0.52 mM). On exposure of the nerves to sea water with Na’ 
partially replaced by radioactive Na*', it was observed that the rate at which 
Na penetrated was high during the first 15 to 20 minutes but then became 
low and remained fairly constant. The amount inside rose to about 25 
to 30 per cent of that outside. 

The concentration of Ca is also high in sea water compared with that in 
the axoplasm. On exposure of the nerves to sea water containing radio- 
active Ca*® (0.012 m1), the Ca penetrated up to a concentration corresponding 
to about 60 to SO per cent of that outside. The concentration of the three 
ions inside (C;) compared to that outside (C,) as a function of time of ex- 
posure is shown in the figure. 

The implication of these results will be discussed in detail elsewhere. 


1 Bullock, T. H., Nachmansohn, D., and Rothenberg, M. A., J. Neurophysiol., 
9, 9 (1946). 
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min. of exposure 


They are a striking confirmation of the general conclusion of Krogh? and 
other investigators that permeability is not a simple diffusion but requires 
an active process in the surface membranes. 


Departments of Neurology and Biochemistry Mortimer A. RoTuenBerco 
College of Physicians and Surgeons Euitry A. Fevp 
Columbia University 
New York 


Received for publication, November 15, 1947 


? Krogh, A., Proc. Roy. Soc., London, Series B, 133, 140 (1946). 
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MAGNESIUM AS AN ACTIVATOR OF ANTINVASIN* 
Sirs: 


Haas' showed that there occurred in serum a factor, which he called 
antinvasin I, that diminished the activity of hyaluronidase on hyaluronic 
acid. This activity of antinvasin I was followed by viscosimetric tech- 
niques.2, We attempted to use citrated blood plasma in place of serum to 
inhibit hvaluronidase and were unsuccessful. This led us to the observa- 
tion that serum was inactivated in its antinvasin potency by the addition 
of citrate (Experiment 1) or oxalate. Recalcification failed to restore the 
antinvasin activity, whereas the addition of Mg was completely effective. 


Effect of Salts on Antinvasin I Activity 


Final concentra- 


‘pent Serum | Added salt | added P pr er 

1 Untreated | None | 3.09 

- | Na citrate | 0.2 1.85 60 

se | oe ‘ | 4.0 0.59 19 

a “ oe 8.0 0.21 7 

oe 20.0 0.03 1 

a 40.0 0 0 

None “ “ 40.0 0 0 

2 Dialyzed* None | 0.38 12 

e MgCl, | 0.01 0.64 21 

| | 0.1 1.20 39 

“ | “ | 1.0 2.22 72 

ae 10.0 4.24 137 

None o | 10.0 0 0 

3 Dialyzed None | 0.38 12 

“ | CaCl, | 0.3 0.63 20 

0.6 1.57 51 

1.0 1.31 42 

| 2.0 | 1.23 40 

ae | 3.0 1.10 36 

None | . 3.0 | 0 0 


* Pig serum was dialyzed against 0.155 m borate buffer, pH 6.7, for 40 hours, fol- 
lowed by dialysis against distilled water for 24 hours. 


* This work was supported in part by grants from the Brush Foundation of Cleve- 
land and by the Research Fund of the Stanford University School of Medicine. 

1 Haas, E., J. Biol. Chem., 163, 63 (1946). 

2A purified hyaluronidase was obtained from the Schering Corporation; the 
hyaluronic acid was prepared from human umbilical cord; pig serum was the source 
of antinvasin I. 


347 


¥ 
| 
* 
if 
| 
t of | 
ty 
| 
| 
$$$ 


348 LETTERS TO THE EDITORS 

We therefore tested the hypothesis that Mg was an activator of antin- 
vasin by diminishing serum Mg to 0.05 mg. per cent and Ca to 3.4 mg. per 
cent by dialysis. Dialysis resulted in a loss of activity which could be 
restored by the addition of Mg (Experiment 2); Ca was relatively ineffective 
(Experiment 3). 

We are now engaged in relating these findings to citrate metabolism. 
The fact that citrate occurs in prostatic fluid,’ that hyaluronidase is found 
in sperm,‘ and that a gel presumably of hyaluronic acid surrounds the ovum! 
suggests the possibility that in the process of fertilization the effectiveness 
of sperm is dependent upon the citrate content of the prostatic fluid and 
its protective action against antinvasin in the female reproductive tract. 


Department of Physiology J. Percy BAUMBERGER 
Stanford University Naomi 
California 


Received for publication, November 3, 1947 


3 Huggins, C., and Neal, W.,./. Exp. Med., 76, 527 (1942). 
‘McLean, D., J. Path. and Bact., 34, 459 (1931). 
§ McLean, D., and Rowlands, L. W., Nature, 150, 627 (1942). 
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MILK XANTHOPTERIN OXIDASE AND PTEROYLGLUTAMIC 
ACID* 


Sirs: 


Wieland and Liebig' have recently described the presence in liver and 
milk of an enzyme which catalyzes the oxidation of xanthopterin. We have 
found that xanthopterin oxidase can be concentrated in the following way: 
Whey is 0.75 saturated with ammonium sulfate. The precipitate is re- 
dissolved in pyrophosphate buffer, pH 8.5, and reprecipitated by 0.25 to 
0.38 saturation. ‘The product is redissolved in 0.1 M pyrophosphate (pH 
8.5) and repeatedly fractionated with ammonium sulfate, the golden brown 
color, which is apparently associated with the xanthopterin oxidase activity, 
being employed as a guide. The precipitates so secured are partially 
bleached in 2 to 4 minutes on addition of xanthopterin under anaerobic 
conditions; this effect can be measured spectrophotometrically at 470 mu, 
at which wave-length neither xanthopterin nor leucopterin absorbs sig- 
nificantly. ‘The decrease in density at 470 my amounts to about 25 per 
cent. ‘The color is restored by oxygen, which, however, causes gradual 
precipitation of leucopterin. 

The catalytic activity of xanthopterin oxidase has been studied by ultra- 
violet spectrophotometry and by a fluorometric method. These methods 
have been used to detect and determine xanthopterin in biological materials. 

The catalytic activity of xanthopterin oxidase has been studied by two 
methods: (1) an ultraviolet spectrophotometric method and (2) a fluoro- 
metric method. The same two methods have been used to detect and 
to determine xanthopterin in ‘biological material. 

Spectrophotometric Method—When xanthopterin is oxidized in the presence 
of the specific oxidase, the following changes in density take place: the 
density at 330 my increases markedly and the density at 270 mu decreases; 
at 288 mu no change in density takes place. For each microgram of syn- 
thetic xanthopterin? per ml. the density at 330 my increases by 0.031. 
The product formed is presumably leucopterin, inasmuch as the ultraviolet 
spectrum exhibits the characteristics of that substance (density maxima 
at 340 and 286 mu). The particularly low solubility of the substance 
formed as well as the shift in fluorescence with pH points in the same direc- 
tion. 

*Supported by grants from the Donner Foundation, Inc., the Lederle Labora- 
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Fluorometric Method—Xanthopterin exhibits a strong blue fluorescence 
at pH 8 (mM/15 phosphate buffer). Upon addition of a small amount of the 
specific oxidase the fluorescence decreases rapidly. The product formed is 
practically devoid of fluorescence but can be converted to a fluorescent 
substance by addition of concentrated NaOH. ‘This reaction is supposed 
to be characteristic for leucopterin.2 The enzymic modification of the 
fluorometric method permits a quite specific estimation of xanthopterin 
in concentrations as small as 0.01 y per ml. Urine (directly or as a norit 
eluate’) can be analyzed for xanthopterin by the same method. 

Effect of Pteroylglutamic Acid on Xanthopterin and Xanthine Oxidase— 
Milk xanthopterin oxidase is strongly inhibited by the addition of minute 
amounts of synthetic pteroylglutamic acid? (PGA). Thus, in a sample 
containing oxidase and xanthopterin (0.06 micromole per ml.) the rate of 
oxidation was reduced to less than 5 per cent of the original activity by the 
presence of only 0.05 micromole of PGA per ml. of mixture. Liver xan- 
thopterin oxidase! is likewise inhibited strongly by small amounts of PGA. 
Xanthine oxidase responds the same way, whereas uricase is completely 
unaffected by addition of PGA. 

Pteroic acid? exerts a strong inhibition on xanthopterin oxidase. The 
pterin compound liberated after zine reduction of PGA® possesses only a 
slight inhibitory effect. Pteroyldiglutamic acid (a-peptide)? and pteroyl- 
triglutamic acid (y-peptide)? exert no inhibition. 

The marked PGA inhibition of xanthopterin oxidase is an observation 
which may have bearing upon further studies of the xanthopterin and purine 
metabolism in the body. 
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ENZYMIC TRANSFORMATION OF PTEROYLGLUTAMIC 
ACID* 


Sirs: 

A further study of the previously described inhibition of milk xanthop- 
terin oxidase by pteroyl glutamate (PGA)! revealed the presence of another 
enzyme which brings about a transformation of PGA into a substance 
which has lost the inhibitory action towards the oxidase. 
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The figure represents an experiment in which 0.11 micromole of PGA 
was incubated in 0.1 M pyrophosphate buffer with or without the presence 
of a concentrated milk xanthopterin oxidase preparation. A sample of the 
enzyme alone was also incubated. The incubation time was 4 hours at 
37°. After the incubation 0.15 micromole of xanthopterin was added to all 
three samples and xanthopterin oxidase was added to the sample previously 
incubated with PGA alone (Curve 1). It can be seen that in the sample 
in which PGA was incubated with the enzyme prior to the addition of 
xanthopterin (Curve 2) the rate of oxidation proceeds almost as rapidly 
as in the sample without PGA (Curve 3), whereas PGA incubated in 
pyrophosphate alone shows the typical marked inhibition of the oxidation 
(Curve 1). 

The enzyme which catalyzes the transformation of PGA into a non- 


*Supported by grants from the Donner Foundation, Inc., the Lederle Labora- 
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inhibitory substance is fully active under anaerobic conditions. This 
enzyme has not been separated from the oxidase. It was found, however, 
to have a pH optimum about pH 8.5, whereas the oxidase has its maximum 
effect about pH 7.5. The transformed PGA product shows the same ultra- 
violet spectrum as that of the original PGA. 

The transformation is not accompanied by any liberation of p-amino- 
benzoyl glutamate or of free glutamic acid nor is there any increase in 
fluorescence. 

The chemical properties of the transformed PGA are under investigation, 
Moreover, Dr. Hoff-J@rgensen of the Biochemistry Division has undertaken 
an investigation of the properties of the transformed PGA as a growth 
factor towards Lactobacillus casei and Streptococcus faecalis R. The en- 
zymic transformation of PGA is not accompanied by any loss in growth 
potency. Further results of this study which is being continued will be 
published later. 

At the present time we are unable to state whether there is any relation- 
ship between the enzymic transformation of PGA described here and the 
action of certain liver fractions (possessing xanthopterin oxidase activity) 
which are reported to augment the potency of PGA as a hematopoietic 
agent.? 
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THE SOURCE OF UREA CARBON 


Sirs: 


Rittenberg and Waelsch' and Evans and Slotin? have reported experi- 
ments designed to test the hypothesis that carbon dioxide is the source of 
urea carbon. ‘These authors incubated rat liver slices in a medium contain- 
ing bicarbonate labeled with isotopic carbon and were able to show that 
under these circumstances at least one-half of the carbon of the urea synthe- 
sized originated from the labeled bicarbonate. 

We have recently obtained data on the relation of carbon dioxide to 
urea carbon in the intact animal which are pertinent to the question under 
discussion. A rat fed L-methionine containing C™ in the methyl group* 
continuously oxidized the radiomethyl radical to radiocarbon dioxide‘ 
throughout a 2 day period, and hence continuously labeled the total carbon 
dioxide produced by the respiration of its tissues. The specific activity of 
the expired carbon dioxide was determined for each day of the experiment 
and compared with the specifie activity of the urea excreted on the same 
day. 

The expired carbon dioxide was collected in sodium hydroxide solution, 
precipitated as barium carbonate, and its radioactivity determined by 
means of a thin mica window Geiger-Miiller counter. The urine was col- 
lected each day in 0.1 N sulfuric acid. Aliquots of the daily urine samples 
were neutralized and digested with urease. The carbon dioxide formed by 
the hydrolysis of urea was liberated with excess acid and collected in sodium 
hydroxide solution. The radioactivity was determined as indicated above. 


Radivactivity of Carbon Diozide and Urea Produced by Rat Fed Radiomethyl Methionine 


— - - ~ 


Specific activity, counts per min. per mg. C 


ist day 2nd day 
Carbon dioxide... | 468 | 106 


ea | 465 | 102 ‘ 


The results are shown in the table. Equal specific activities were ob- 
tained for the carbon dioxide exhaled and the urea excreted on the same day. 
The significance of this correlation is enhanced by the equal reduction in 
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